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1 Introduction 
Coccidiosis is a protozoan parasitic disease that has a tremendous economical relevance 
worldwide due to losses in poultry industry (WITCOMBE and SMITH 2014). Coccidia is 
related to the phylum Apicomplexa and characterized by the presence of an apical complex in 
motile stages of its life cycle (sporozoites, merozoites, and microgametes) (MCDOUGALD 
and FITZ-COY 2013). The genus Eimeria includes causative agents of chicken coccidiosis. 
These pathogens grow and multiply in the intestinal tract causing blood loss, malabsorption of 
nutrients, and as a result variable decrease in weight gain and increased mortality (CONWAY 
et al. 1993, WILLIAMS 2010). Infectious stage of Eimeria start after oral ingestion of 
sporulated oocysts. Due to mechanical action of the gizzard and enzymatic activity of 
chymotrypsin, sporozoites are released from oocysts and invade epithelial cells. The life cycle 
of Eimeria is divided to asexual and sexual stages. The asexual phase of multiplication includes 
two to four generations of merogony. While in the sexual phase, small motile microgametes 
and macrogametes are formed to produce zygotes after fertilization and mature to unsporulated 
oocysts. Oocysts are shed with the faeces and sporulate in the external environment as 
illustrated in Fig. 1 (CHAPMAN and SHIRLEY 2003). 
 
Fig. 1 Life cycle of Eimeria spp., 1: sporozoite, 2: trophozoite, 3: schizont I, 4: merozoite I, 5: schizont II, 
6: merozoite II, 7: macrogamete, 8: microgamete, 9: zygote, 10: unsporulated oocyst, 11: sporulated 















Eimeria tenella (E. tenella) causes caecal coccidiosis and can be easily diagnosed due to its 
typical pathology and devastating losses in chickens (CHAPMAN et al. 2010). Studying 
pathogenicity, pathogenesis, and sensitivity against anticoccidials requires a model that 
provides reproductive growth of E. tenella. Currently, in vivo experiments using live chickens 
are the most reliable approach for these studies because of reproducibility and completion of 
the Eimeria spp. life cycle (DORAN et al. 1974). E. tenella successfully replicates in ovo and 
in vitro where this parasite may undergo a complete life cycle (LONG 1972, DORAN 1971). 
In spite of that, obstacles of producing oocysts in sufficient amounts limited the use of ex vivo 
models to study invasion of sporozoites (JAHN et al 2009), efficacy of anticoccidials 
(MEHLHORN et al 1983, JENKINS et al. 2014), and effectiveness of natural products 
(REMMAL et al. 2011, ZAMAN et al. 2015). 
Prophylactic and therapeutic drug treatments are still the leading measures to control chicken 
coccidiosis in industrial settings, despite the invention of live vaccines (ALLEN and 
FETTERER 2002). Various anticoccidials have their unique mode of action in either killing 
Eimeria or arresting its life cycle (MCDOUGALD and FITZ-COY 2013). Anticoccidial 
polyether ionophores and triazines are used widely in chickens to protect them from coccidiosis 
(HABERKORN 1996). Polyether ionophores mainly facilitate transport of metal cations (e.g. 
Na+, Ca++) in sporozoites and elevate their intracellular concentrations to toxic levels (WANG 
et al. 2006). The increase of Na+ concentration will inhibit vital mitochondrial functions such 
as substrate oxidation and ATP hydrolysis. Moreover, Na+ is exchanged for extracellular Ca++ 
which will lead to cytotoxicity (KANT et al. 2013). Polyether ionophores also have a lethal 
effect on merozoites by targeting the cell border and internal organelles (MEHLHORN et al. 
1983). Toltrazuril (Tol) is a chemical member of the triazine family, it primarily affects the 
respiratory chain and enzymes involved in pyrimidine synthesis (HARDER and HABERKORN 
1989). V´AZQUEZ and V´AZQUEZ (1990) used electron microscopy to study effects of Tol 
on Eimeria spp. and concluded that it mainly interferes with nuclear division and mitochondrial 
activity of all intracellular stages of its life cycle. The new trend of using herbal and natural 
products as possible alternatives for anticoccidials has been reinforced recently due to legal 
restrictions, e.g. in the European Union, to use several growth promoters and coccidiostats as 
feed additives in the poultry industry (ANON 2003). WUNDERLICH et al. (2014) described 
attempts to use dietery antioxidants like selenium and zinc, vitamins A and E, allicin, barberry, 
and other plants as possible alternatives for treatment of eimeriosis. MUTHAMILSELVAN et 
al. (2016) reviewed the most important herbal and phyto compounds known to possess 
anticoccidial activities. Natural products prevent chicken coccidiosis directly through targeting 
Eimeria spp. or indirectly by enhancing bird immunity. Artemisia annua for example directly 
inhibits sporulation and cell wall formation by inducing oxidative stress through reactive 
oxygen species (DE ALMEIDA et al. 2012). On the other hand, arabinoxylane, a bioactive 
compound from wheat bran, modulates host immunity against coccidiosis (AKHTAR et al. 
2012). Curcumin has a lethal effect on sporozoites of E. tenella while also enhancing host 
humoral immunity to coccidiosis (KHALAFALLA et al. 2011, KIM et al. 2013). 
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Resistance development against anticoccidials in Eimeria spp. seriously limits their 
effectiveness. Surveys revealed widespread anticoccidial resistance in various regions of the 
world (STEPHAN et al 1997, MATTIELLO et al. 2000, ABBAS et al. 2011). Cross-resistance 
among polyether ionophores has been well reported and was generally attributed to similarities 
in their mode of action based on altering ion transport and disrupting osmotic balance 
(RAETHER and PAEFFGEN 1989, ABBAS et al. 2011). Anticoccidial sensitivity assays 
(ASA) are a prerequisite to adopt suitable anticoccidial regimes to the actual demand by 
facilitating the choice of case-specific effective medication. Several in vitro studies were 
conducted to compare sensitive and resistant E. tenella strains to determine differences in 
efficacy. Phase-contrast microscopy was used to compare in vitro effects of polyether 
ionophores on sensitive and resistant E. tenella strains by counting intracellular sporozoites and 
mature schizont (ZHU and MCDOUGALD 1992). JENKINS et al. (2014) used quantitative 
and semi-quantitative PCR (qPCR and sqPCR) to determine minimum inhibitory concentration 
(MIC) for an E. tenella reference strain (APU-1) toward monensin and salinomycin and they 
applied these MIC on two resistant strains. However, in vivo ASA were considered the only 
reliable method to determine the degree of anticoccidial sensitivity for Eimeria spp. isolates 
and no in vitro assay has been presented as a suitable replacement for that so far (DARDI et al. 
2013). 
Resistance mechanisms of polyether ionophores in E. tenella were extensively studied in the 
past. CHEN et al. (2008) used cDNA array to compare monensin- and maduramicin-resistant 
mutants with their sensitive parental strains and concluded that resistance is a very complex 
process.  Proteomic tools are considered a valuable approach to be applied in Apicomplexa to 
understand their mechanisms of resistance against polyether ionophores. Sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to compare proteomes of 
sensitive and resistant E. tenella strains and four over-expressed unknown peptides were 
detected in this study (ZHU and MCDOUGALD 1993).  Resistance against monensin, a 
polyether ionophore compound, has been induced in vitro in cattle-origin strains of Clostridium 
perfringens, Enterococcus faecium, and Enterococcus faecalis to study the mechanisms of 
resistance. A reversible increase in cell wall thickness was observed in response to monensin, 
which suggests that proteomic changes may not be genetically stable (SIMJEE et al. 2012). 
Applying proteomic comparison in E. tenella isolates is a challenge due to wide variations in 
genetic, proteomic, and sensitivity profiles among various strains. Because of that, presence of 
a predetermined selective resistant model is a prerequisite for such studies. Inducing resistance 
in E. tenella is a laborious method that needs a long time, efforts, and a tremendous amount of 
chickens (CHAPMAN 1986, WANG et al. 2006). On the other hand, Toxoplasma gondii (T. 
gondii) may be considered a suitable alternative to be used as a positive resistance model in 
Apicomplexa. T. gondii is a protozoan parasite that affects both humans and animals worldwide 
(DUBEY et al. 2011). The continuous asexual in vitro replication, as well as similarities in drug 
targets with E. tenella, enables generation of anticoccidial-resistant mutants as a surrogate for 
coccidiosis in general (RICKETTS and PFEFFERKORN 1993, DOLIWA et al. 2013a). 
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Quantitative proteomics is considered a powerful approach for large scale use in comparison 
between complex biological systems. The analysis depends generally on tandem mass 
spectrometry (MS/MS) to identify abundances of peptides. Stable isotope labelling with amino 
acids in cell culture (SILAC) and tandem mass tags (TMT) are examples for labelling that are 
recently used in order to quantify proteomes of complex samples using MS/MS. SILAC relies 
on an in vitro incorporation of either heavy or light forms of amino acids into proteins of 
interest. For example, two cell culture populations are grown in culture media that are identical 
except for the particular incorporation of certain amino acids (i.e. lysine or arginine). During a 
particular number of multiplication cycles, isotopic forms of amino acid will replace the original 
amino acid, enabling an accurate comparison of the cell cultures based on their labelled amino 
acids (ONG and MANN 2005). For TMT chemical isobaric labels with identical masses and 
chemical properties are used. These tags consist of four regions; (i) mass reporter region, (ii) 
cleavable linker region, (iii) mass normalization region, and (iv) protein reactive group. Mass 
reporter and normalization regions are different in their molecular mass; however, the combined 
regions of tags have the same mass. Because of that, cleavage of peptides by higher-energy C-
trap Dissociation (HCD) during MS/MS will produce different peptide masses that enable 
relative quantification of multiple samples at the same time (DAYON and SANCHEZ 2012). 
The aim of the present studies is to better understand resistance mechanisms of coccidia against 
polyether ionophores. Applying in vivo ASA for every E. tenella strain isolated in these studies 
was considered an unsuitable procedure because of the ethical aspect concerning the large 
number of chickens that would have to be sacrificed. Because of that, developing, validating, 
and applying an accurate in vitro ASA was a demand to identify E. tenella strains resistant to 
polyether ionophores. To overcome spontaneous genetic and proteomic variations among E. 
tenella strains, induced resistance in the well-defined T. gondii RH strain was used as a 
reference model for quantitative proteomic studies into anticoccidial resistance. 
In vitro ASA appeared suitable to determine the level of sensitivity of E. tenella to polyether 
ionophores. This in vitro assay was validated by in vivo ASA. It was also applied to study the 
anticoccidial effect of allicin (used as a herbal extract) on E. tenella sporozoites. A quantitative 
proteomic study was conducted to study resistance mechanisms against monensin (Mon) as an 
example for resistance against polyether ionophores. The SILAC labelling was used to compare 
a Mon-resistant T. gondii strain with its sensitive parental strain. The results were used as a 
guide for interpretation of proteomic comparisons between Mon-sensitive and Mon-resistant E. 
tenella strains that were studied by TMT labelling. 
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2 Overview of the scientific work 
2.1 Objectives 
Studies were performed to investigate effects of anticoccidials in vitro and in vivo. In addition, 
mechanisms of monensin (Mon) resistance in coccidia were studied. The following objectives 
summarize the aim of the work: 
1.  To test various in vitro setups using qPCR for assessment of the efficacy of anticoccidials 
against E. tenella sporozoites. 
2.  To validate the developed in vitro E. tenella anticoccidial sensitivity assay for suitability 
to replace animal experiments. 
3.  To apply the developed in vitro assay for efficacy assessment of allicin on E. tenella 
sporozoites. 
4.  To comparatively study resistance mechanisms in T. gondii and E. tenella against Mon 
using quantitative proteomic approach. 
To enable investigation of objectives 1 to 4, various E. tenella reference or field strains were 
either shared by other research groups or isolated from infected flocks during the research 
period (between 2014 and 2016). These strains were used to establish a reliable in vitro assay 
that is considered a valuable alternative to overcome the diverse limitations of currently 
favoured in vivo trials. 
First, one reference (Houghton) and one field strain (T-376) of E. tenella were tested in various 
in vitro assay setups, and the most suitable assays to assess resistance of coccidia against 
polyether ionophores and Tol were determined (Publication 1). Afterwards, other reference and 
field strains of E. tenella were included to evaluate the reliability of the assays and of the drug 
sensitivity profiles of the tested strains. In vitro test results were validated by performing in vivo 
ASA on two reference (Houghton and Wisconsin) and three field (FS-1, FS-2, and FS-3) strains 
that exhibited variable degrees of resistance against polyether ionophores (Publication 2). 
Besides that, our proposed in vitro assay was used to assess the effect of allicin on sporozoites 
of E. tenella (Publication 3). 
For objective 4, aimed at better understanding and interpretation of mechanisms of resistance 
against Mon, a model was required to show resistance-related differences without strain-
specific confounders. Toxoplasma was used because it can be passaged at the tachyzoite stage 
in vitro continuously and, as a member of Apicomplexa, is closely related to the genus Eimeria 
in terms of taxonomy, metabolism, and multiplication. The Mon-sensitive T. gondii RH strain 
was used for the experiments. In this strain, Mon-resistance was induced in vitro by continuous 
passaging of tachyzoites in the presence of sub-lethal, steadily increased concentrations of Mon. 
This allowed selective cultivation of resistant mutants of the RH strain. When a Mon-resistant 
strain was established, proteomic comparison between parental sensitive and resistant strains 
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was made using SILAC labelling. Results of T. gondii SILAC experiment was used as a guide 
in our attempts to understand and determine proteins that may contribute to Mon-resistance in 
Apicomplexa in general (Appendix I). 
In addition, quantitative proteomics was performed to compare Mon sensitive and non-sensitive 
E. tenella strains (Publication 4). For this purpose, two polyether ionophore-sensitive reference 
(Ref-1 and Ref-2) and two field strains of E. tenella (resistant FS-R and moderate-sensitive FS-
mSen) were used. Their classification as sensitive, moderate sensitive, and resistant was based 
on their in vitro and in vivo sensitivity profile toward Mon. Attempts to compare mechanisms 
of resistance against polyether ionophores in E. tenella using this approach faced the obstacle 
of natural genetic and proteomic variations among the various strains. General strain-specific 
variations in parasite multiplication potential, induced pathological changes, and clinical 
disease were detected even between the two sensitive reference strains. Besides that, in vitro 
limitation of E. tenella to complete a full reproductive life cycle eliminates the ability to apply 
SILAC labelling. Because of that, proteins of the two sensitive reference strains (Ref-1, Ref-2) 
and of two field strains (FS-R, FS-mSen) of E. tenella were compared using TMT labelling for 
relative quantification of protein abundance. 
2.2 Methodological overview 
2.2.1 In vitro assays for E. tenella (Publications 1, 2, and 3) 
Briefly, sporulated oocysts of E. tenella were maintained in 4% potassium dichromate solution 
at 8 ºC and subsequently passaged every 6 months in chickens as described before (SHIRLEY 
1977). Excystation of E. tenella sporozoites from oocysts was performed by surface sterilization 
using 12% sodium hypochlorite, mechanical breakage of oocyst walls by shaking with 0.5 mm 
glass beads, and enzymatic release from sporocysts using 0.25% trypsin (w/v) and 4% sodium 
taurocholic acid (w/v) as described before (RAETHER et al. 1995). Sporozoites were purified 
either by DE-52 anion exchange (Whatman, Inc.) or by filtration (Whatman 595.5 folded filters, 
GE Healthcare Life Science, UK) as described previously (SCHMATZ et al. 1984, MATTIG 
et al. 1993). Pelleted sporozoites were collected carefully from the bottom of micro-tubes, 
washed 3× with PBS, and counted using a hemocytometer. Sporozoites dose of infection was 
set to 1.0 × 105 sporozoites/well for the sporozoite invasion inhibition assay (SIA) and to 5.0 × 
104 sporozoites/well for reproduction inhibition assay (RIA).  
Madin-Darby bovine kidney (MDBK) cells cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) to confluent monolayers were used as host cell line for assessment of the effect of 
different anticoccidials in vitro. DMEM was supplemented with newborn calf serum, penicillin-
streptomycin, and amphotericin-B to enhance MDBK cell growth and to prevent contamination 
by bacteria or fungi before and during infection. Experimentally, infected cultures were 
incubated at 41 ºC with 5% CO2. Trypsin-versene (Lonza, Thermo Scientific, Germany) was used 
to detach adherent MDBK cells at defined time intervals. DNA was extracted using QIAamp® 
DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions (blood 
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and body fluid spin protocol). DNA concentration was measured using Nanodrop (Nanodrop 
2000, Thermo Scientific, Germany) at 260 nm. All DNA samples were diluted to a 
concentration of 20 ng/µl. 
For quantification of gene copy numbers, real-time PCR was performed on Stratagene 
MX3000P (La Jolla, USA). The reaction solution consisted of 10 µl of SYBR green master mix 
(Thermo Scientific, Germany). A melting curve program involving heating from 60-95 ºC at a 
rate of 0.1 ºC/s was performed to create the dissociation curve for E. tenella specific internal 
transcribed spacer (ITS)-1 gene. Data represent the mean of three replicates with an acceptable 
standard deviation of less than 0.5.  
A standard curve for quantitative PCR (qPCR) was generated by serial dilution of a cloned 
target (fragment of ITS-1 gene) amplified with primers ET-F (tggaggggattatgagagga) and ET-
R (caagcagcatgtaacggaga) and Taq DNA polymerase as described before (KAWAHARA et al. 
2008). The PCR product was ligated on pSCA-amp/kan according to manufacturer’s 
instructions (StrataClone PCR cloning kit, Catalog # 240205, Life-Science, Germany). Plasmid 
DNA was extracted by QIA prep® Spin Miniprep Kit (Qiagen, Hilden, Germany). Ligation was 
confirmed by sequencing the plasmid using T3 primer (IZKF, Leipzig University) using the 
BLAST program (basic local alignment search tool). DNA of the pSCA-147 plasmid was 
quantified using nanodrop (Nanodrop 2000, Thermo Scientific, Germany) at 260 nm (Fig. 2). 
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Fig. 2  Generation of a standard curve for real-time PCR using E. tenella ITS-1 gene fragment. 
Quantification of gene copy numbers in E. tenella in vitro assays was assessed through generation of 
a standard curve using transformation of ITS-1 gene fragment in pSCA/-amp/kan plasmid. 
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2.2.2 Standardizing an in vitro assay to assess efficacy of anticoccidials on E. tenella 
(Publication 1) 
The polyether ionophores monensin (Mon), salinomycin (Sal), maduramicin (Mad), lasalocid 
(Las), and the triazine toltrazuril (Tol) were tested in vitro for their anticoccidial efficacy on 
different E. tenella strains. For dimethylformamide (DMF), used to dissolve analytical grade 
drugs in graded concentrations (100, 10, 1 µg/well), toxic effects on MDBK host cells were 
evaluated in advance. It is known that DMF exhibits toxic effects on cell cultures 
(JAMALZADEH et al. 2016). Toxicity was assessed in uninfected MDBK cells using 
mitochondrial toxicity test (MTT; MOSMANN 1983). In a second step, suitability of MDBK 
cells to promote parasite growth, i.e. invasion and replication, was assessed in infected, 
untreated cultures (Fig. 3). For sensitivity assays, E. tenella Houghton strain (Ref-1; Royal 
Veterinary College, University of London, UK) was used as a reference strain to determine 
minimum inhibitory concentrations (MIC) of anticoccidials. The field strain T-376 (Institute of 
Parasitology, University of Leipzig, Germany) was additionally evaluated. 
For estimation of MIC50/95, MDBK cells were incubated directly after sporozoite infection with 
serially diluted concentrations of polyether ionophores (10-0.1 µg/ml) for 24 h. Relative 
inhibition (%) of either sporozoite invasion (determined at 24 h after infection; 24 h p.i.) or 
reproduction (at 48 h, 72 h, and 96 h p.i.) was calculated. MIC50/95 was defined as the lowest 
concentration inhibiting more than 50% of sporozoites to enter MDBK cells within 24 h and 
more than 95% of parasite reproduction after 96 h (MIC50/95). Regarding Tol, preliminary 
experiments did not reveal any relevant anticoccidial effect by adding Tol concomitantly with 
sporozoites for the first 24 h p.i. Because of that, MDBK cells were infected with sporozoites 
of Ref-1 and incubated with a dilution series (10-0.1 µg/ml) of Tol for a period of 48 h from 
48-96 h p.i. MIC95 was calculated and defined as the lowest concentration inhibiting more than 
95% of reproduction at 96 h p.i. (Fig. 3). 
Laboratory assays were elaborated, namely sporozoite invasion inhibition assay (SIA) and 
reproduction inhibition assay (RIA). SIA was applied at MIC50/95 drug concentrations for 
polyether ionophores only, while either MIC50/95 drug concentrations (for polyether ionophores) 
or MIC95 concentrations (for Tol) were used in RIA. SIA was applied by incubating sporozoites 
alone with polyether ionophores (MIC50/95) for 2 or 4 h. After 3× washing with PBS, MDBK 
cells were infected with pretreated sporozoites for 4 h. Percent of sporozoite invasion inhibition 
(%ISIA) was estimated by phase-contrast microscopy at 400×, and these data were compared 
with corresponding qPCR results. RIA was used to compare the ability of anticoccidials 
(polyether ionophores and Tol) to inhibit parasite reproduction (%IRIA). Methodological 
flowchart of SIA and RIA is illustrated in Fig. 4.  
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Fig. 3  Optimization of in vitro conditions for anticoccidial sensitivity assays using sensitive reference 
Houghton (Ref-1) and field (T-376) E. tenella strains. Mitochondrial toxicity test (MTT) was used 
to assess effect of polyether ionophores (PI) and toltrazuril (Tol) on MDBK cells. Ability of both 
Houghton and T-376 strains to invade and replicate in MDBK without presence of anticoccidials was 
compared. Minimum inhibitory concentrations (MIC) of PI (MIC50/95) and Tol (MIC50) were 
determined for Ref-1. 
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Fig. 4  Assessment of sporozoite invasion inhibition (SIA) and reproduction inhibition (RIA) assays as 
suitable anticoccidial sensitivity assays to be applied in E. tenella. Reference Houghton (Ref-1) and 
field T-376 strains were used to assess efficacy against polyether ionophores (PI) and toltrazuril 
(Tol). MIC50/95 of PI ws used in SIA and RIA to assess efficacy, while MIC95 of Tol was used in RIA.   
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2.2.3 Validation of E. tenella in vitro assay as a replacement for in vivo trials 
(Publication 2) 
Two reference (Ref-1: Houghton and Ref-2: Wisconsin) and three field (FS-1, FS-2, and FS-3) 
strains of E. tenella were evaluated in this study. In vitro conditions, replicate preparations, 
gene copy numbers determination were performed as explained previously (section 2.2.2). 
Based on the results reported in Publication 1, SIA and RIA at determined MIC50/95 were further 
expanded to test efficacy of polyether ionophores on sensitive reference and field strains. 
Furthermore, MIC95 was applied to calculate %IRIA for polyether ionophores. Sensitivity of the 
respective strains to Tol was determined by applying RIA at MIC95 only as stated in section 
2.2.2 (Fig. 5). Despite the lack of reproducibility for Tol in vitro observations, only in vivo 
efficiency was considered to deliver meaningful data in comparison between reference and field 
strains. 
For the conventional in vivo anticoccidial sensitivity assay, global resistance index (global 
index, GI) was calculated for each treatment group as previously described (STEPHAN et al. 
1997). A total of 420 chickens were used in this study. They were infected orally with 7.5 × 104 
sporulated oocysts of E. tenella per bird. Non-infected, non-medicated control (NNC) and 
infected, non-medicated control (INC) were also included in each trial. Polyether ionophores 
were provided in feed starting two days before infection (D-2) until one week after infection 
(D+7) while Tol was added in water on D+2 and D+3. Mean weight gain (WG), feed conversion 
ratio (FCR, g/g), mean lesion score (LS) (JOHNSON and REID 1970), mean oocyst index (OI) 
(HILBRICH 1978), and mortality (MR) were calculated. In vivo adjusted GI (GIadj) was also 
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Fig. 5 Applying in vitro sporozoite invasion inhibition (SIA) and reproduction inhibition (RIA) 
anticoccidial sensitivity assays on E. tenella reference and field strains. In vitro efficacy of polyether 
ionophores (PI) and toltrazuril (Tol) were assessed using sensitive reference (Ref-1, Ref-2) and field 
(FS-1, FS-2, and FS-3) E. tenella strains. Minimum inhibitory concentrations (MIC50/95 and MIC95) 
of PI and (MIC95) of Tol were used. Percent of inhibition (%ISIA and %IRIA) were calculated by 
comparing anticoccidials treated strains with their corresponding infected, non-treated controls. 
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Fig. 6  Validation of E. tenella in vitro anticoccidial sensitivity assay (ASA) as a replacement to in vivo 
ASA. Sensitivity toward polyether ionophores (PI) and toltrazuril (Tol) was assessed for E. tenella 
sensitive reference (Ref-1, Ref-2) and field (FS-1, FS-2, and FS-3) strains using in vivo global 
resistance index (GI). Adjusted GI (GIadj) was calculated and used to compare in vivo with 
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2.2.4 Assessment of in vitro efficacy of allicin on E. tenella (Publication 3) 
Allicin was used exemplarily for investigating the suitability of the in vitro cultivation assay to 
determine anticoccidial efficacy of potentially active compounds. Allicin is an organosulfur 
compound produced by garlic as a result of reaction between alliin and alliinase 
(BORLINGHAUS et al. 2014). In vitro ability of allicin to inhibit sporozoites of E. tenella 
(Houghton strain) to replicate until 96 h p.i. in MDBK cells was tested. Commercial sterilized 
pure allicin (180 mg, Syke, Germany) was serially diluted starting from 180 mg/ml to 1.8 ng/ml. 
Sporozoites (2.0 × 105) were incubated with different concentrations for 1 h followed by 2× 
washing with PBS. Sporozoites were thereafter added to MDBK cells. In vitro cultivation 
conditions, DNA extraction, and determination of gene copy numbers were performed as 
described in section 2.2.1 (Fig. 4). 
 
Fig. 7 In vitro evaluation of allicin on sporozoites of E. tenella Houghton strain (Ref-1). Percent of 
reproduction inhibition in Ref-1 was calculated to assess ability of pretreated sporozoites to replicate 
in MDBK cells 96 h p.i. 
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2.2.5 Proteomic studies of resistance against Mon in T. gondii and E. tenella (Appendix 
I, Publication 4) 
Low-passage human foreskin fibroblast (HFF) cell line was used for cultivation and induction 
of Mon-resistance T. gondii RH strain (Göttingen, Germany). Infected HFF cells were 
maintained at 37 ºC and tachyzoites were harvested from destroyed cells 148 h p.i. To determine 
MIC50 of Mon in RH strain, Mon-containing media were prepared at concentrations ranging 
from 0.25 to 32.0 ng/ml. TaqMan/qPCR was used to determine the number of tachyzoites in 
each replicate based on the 529 bp fragment which is specific for T. gondii (EDVINSON et al. 
2006). To produce MonR-RH mutant, 1.0 × 106 tachyzoites were continuously grown in Mon-
containing media starting with the pre-determined MIC50. Continuous culture of tachyzoites in 
presence of increasing concentrations of Mon was performed for more than 8 months and 
comparison between parental sensitive RH strain (Sen-RH) and Mon-resistant RH mutant 
(MonR-RH) was determined by calculating the percent of replication in presence of Mon (Fig. 
8). 
Sen-RH and MonR-RH were labelled with either heavy (146 mg/l 13C6; 
15N2 L-lys-2HCl, 84 
mg/l 13C6; 
15N4 L-arg-HCl, 40 mg/l unlabelled L-pro) or light media (146 mg/l unlabelled L-
lys-2HCl, 84 mg/l unlabelled L-arg-HCl, 40 mg/l unlabelled L-pro) as previously described 
(HEASLIP et al. 2010). Tachyzoites of both strains were cultivated twice in previously labelled 
HFF cells to assure complete incorporation with either heavy or light media (TREECK et al. 
2014). Cell lysate was prepared by re-suspension (8.0 × 107 tachyzoites/replicate) in lysis buffer 
(6M urea, 2M thiourea, 100 mM ammonium bicarbonate, and 10mM DTT). Protein 
concentration was determined for each sample by Pierce 660 nm assay (Thermo Fisher 
Scientific, USA) using bovine serum albumin as standard (Sigma-Aldrich, Germany). 12.5 µg 
of each heavy-labelled biological replicate was mixed with an equal amount (1:1) of its 
corresponding light-labelled replicate. Total protein was separated using 12% SDS-PAGE 
(BRUNELLE and GREEN 2014). In-gel reduction, alkylation, and destaining of proteins were 
performed according to SHEVCHENKO et al. (2007). Eluates were combined with the 
supernatant and dried by vacuum centrifugation. Samples were finally reconstituted with 0.1% 
(v/v) formic acid for nanoUPLC-MS/MS analysis (Fig. 9). 
E. tenella sporozoites of reference strains (known to be fully ionophore-sensitive) and field 
strains (with varying but markedly reduced sensitivity) were prepared in triplicate. Cell lysate 
was prepared by re-suspension of cell pellets in lysis buffer (100mM triethylammonium 
bicarbonate (TEAB) and 1.0% sodium dodecyl sulfate (SDS)). Protein concentration was 
determined for each sample by PierceTM BCA protein assay kit (Thermo Fisher Scientific, 
USA). Tandem mass tagging was performed using TMT® 6-plex tagging kit (Thermo Fisher 
Scientific) and according to the manufacturer’s instructions. Samples were desalted using Spec 
PT C18 AR solid phase extraction pipette tips (Varian, Lake Forest, CA, USA) and 
reconstituted with 0.1% (v/v) formic acid for nanoUPLC-MS/MS analysis (Fig. 10). 
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Fig.  8  In vitro induction of resistance against monensin (Mon) in tachyzoites of T. gondii RH strain. 
Sensitive parental T. gondii RH strain (Sen-RH) was continuously passaged in presence of sub-
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Fig. 9  Quantitative proteomic comparison between T. gondii sensitive (Sen-RH) and monensin-resistant 
(MonR-RH) strains after in vitro isobaric labelling with stable isotope labelling with amino acids in 
cell culture (SILAC). 
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Fig. 10  Quantitative proteomic comparison between E. tenella sensitive reference (Ref-1 and Ref-2) and 
field (resistant FS-R and moderate-sensitive FS-mSen) strains after isotopic tandem mass tags 
(TMT) labelling. 
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4 Summary of results and comprehensive discussion 
The aim of the studies was to investigate anticoccidial resistance in E. tenella. For this purpose, 
in vitro ASA suitable to replace animal experiments and allowing for investigations into 
mechanisms of anticoccidial resistance was established. Test implementation was achieved by 
employing various in vitro setups considering different time intervals, anticoccidial 
concentrations, and MIC definitions. Confirmation of reproducibility of the results was ensured 
by including two sensitive reference strains (Houghton and Wisconsin). Validation of in vitro 
assays was performed by comparison to a GI-based in vivo ASA to confirm the suitability of 
the in vitro model. The newly established in vitro assay appeared also suitable to evaluate the 
potential of natural products (exemplarily allicin) to inhibit E. tenella invasion/reproduction. 
Quantitative proteomic comparisons between resistant and sensitive strains of T. gondii and E. 
tenella against Mon by SILAC and TMT labelling were performed to gain insight into the 
complex mechanisms of resistance of coccidia against Mon, a representative of polyether 
ionophores. 
4.1 Establishment and application of in vitro assays to assess efficacy of 
anticoccidials on E. tenella (Publication 1-3) 
MDBK cells are considered one of the best cell lines to support in vitro E. tenella development 
(TIERNEY and MULCAHY 2003). The ability of MDBK cells to support development of both 
reference (Houghton) and field (T-376) E. tenella strains was assessed and both of them 
similarly penetrate into and replicate in MDBK cells (Publication 1). Evaluation of the proposed 
cell culture assay in combination with qPCR for determining efficacy of anticoccidials on E. 
tenella was based on calibration with a transformed pSCA-amp/kan plasmid using the internal 
transcribed spacer (ITS)-1 gene as a reference. The selected ITS-1 gene fragment was suited 
for SYBR green based qPCR and produced only a single melting peak (Tm = 86.1 ºC), which 
proves the presence of a pure and single amplicon (KAWAHARA et al. 2008, ROBINSON et 
al. 2006). Results of qPCR were highly correlated with those of phase-contrast microscopy 
regarding calculation of sporozoite invasion inhibition (%ISIA; rs= 0.665; p < 0.001). However, 
parasite numbers estimated by phase-contrast microscopy were lower than those calculated 
from qPCR data, which might be attributed to non-invasive extracellular sporozoites that were 
not completely removed from the cultures by washing (ROCHELLE et al. 2002). Whatsoever, 
sufficient reproducibility and suitability of qPCR to assess efficacy of anticoccidials was proven 
and thus considered the method of choice for this purpose (Publication 1). 
Dimethylformamide (DMF) was used as a solvent to prepare analytical grades of all 
anticoccidials tested in these studies except for Las which was already purchased in a dissolved 
form.  It could be shown that DMF concentrations needed to prepare drug concentrations lower 
than 10 µg/ml have no toxic effect on MDBK cells (Publication 1) and the respective drug 
concentrations could be tested accordingly. 
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Houghton strain (Ref-1) was isolated in 1949 in the United Kingdom and is considered the most 
widely studied E. tenella strain. It holds full sensitivity to all anticoccidials and is of known 
virulence (CHAPMAN and SHIRLEY 2003). Because of that, this strain was chosen for MIC 
determination for polyether ionophores and Tol. For polyether ionophores, MIC50/95 and MIC95 
were estimated while MIC95 alone was approximated for Tol. MIC50/95 was defined as the 
minimum concentration necessary to inhibit sporozoite invasion into MDBK cells by at least 
50% within 24 h p.i. and to reduce parasite reproduction by at least 95% after 96 h p.i. For 
calculation of MIC95, inhibition of reproduction by at least 95% after 96 h p.i was considered.  
MIC50/95 and MIC95 were estimated for ionophores by infecting MDBK cells with sporozoites 
in the presence of gradually increasing drug concentrations over 24 h p.i. In contrast to 
ionophores, addition of Tol simultaneously to the inoculation of sporozoites into cell culture 
resulted in no antiparasitic effect. This might be related to the different mode of action in 
comparison with polyether ionophores. Tol mainly affects intracellular stages of Eimeria spp. 
(SOKÓL et al. 2014) while ionophores compromise the sporozoite stage (WANG et al. 2006). 
Therefore, Tol was added to E. tenella sporozoite-infected MDBK cells from 48 to 96 h p.i. and 
only MIC95 was calculated for this drug. 
MIC50/95 was used in sporozoite invasion assay (SIA) to assess ability of sporozoites incubated 
with polyether ionophores for either 2 or 4 h to invade MDBK cells after removing 
anticoccidials (%ISIA). MIC95 was used in reproduction inhibition assay (RIA) to assess ability 
of polyether ionophores (added 24 h p.i.) and Tol (added at 48 h p.i.) to inhibit parasite 
reproduction within the period until 96 h p.i. (%IRIA) 
Polyether ionophores displayed MIC50/95 of 0.5, 1.0, 2.5, and 0.5 µg/ml for Mon, Sal, Mad, and 
Las, respectively, while MIC95 values were lower with 0.25, 0.5, and 1.0 µg/ml for Mon, Sal, 
and Mad, but was identical to MIC50/95 for Las. Firstly, MIC50/95 were used in SIA and RIA for 
both Houghton and T-376 strains to assess their sensitivity toward polyether ionophores. Both 
strains were sensitive to all members of polyether ionophores (%ISIA > 50%; %IRIA > 95%) 
except for Mad that displayed reduced sensitivity in the T-376 strain (%IRIA = 89.3%). MIC50/95 
was suitable for calculation of both %ISIA and %IRIA in sensitive strains (Publication 1). 
However, testing of field strains with a history of reduced response to anticoccidials (FS-1, FS-
2, and FS-3) revealed limitations of MIC50/95 (Publication 2). Variations among replicates for 
SIA were very large and %ISIA results were not sufficiently consistent. Even negative values 
were recorded (i.e. in case of FS-2 and FS-3). Large variations of SIA among replicates might 
be attributable to variable invasion rates of E. tenella sporozoites based on the experimental 
conditions or strain properties as illustrated previously by KHALAFALLA (2009). RIA based 
on MIC50/95 was not able to detect moderately sensitivity strains (i.e. FS-1). Consequently, RIA 
based on MIC95 was used to assess sensitivity of E. tenella strains toward polyether ionophores. 
Ref-1 and Ref-2 were strongly inhibited by MIC95. Using RIA appeared suitable to assess in 
vitro efficacy of polyether ionophores on E. tenella based on a score considering high or low 
efficacy (Publication 2). 
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Tol (5.0 µg/ml) inhibited 95.0% of Ref-1 replication in treated wells compared with infected, 
non-treated controls. This dose was defined as MIC95 and used to calculate %IRIA (Publication 
1).  A limitation of applying %IRIA to assess efficacy of Tol was detected for Wisconsin (syn. 
Ref-2) strain.  It is known that this strain is completely sensitive to Tol which is in contrast to 
the respective %IRIA of only 56.1% (Publication 2). Variations in %IRIA for Tol in reference 
strains might be attributed to inability of in vitro models to support the complete endogenous 
developmental cycle of E. tenella and thus observations of inhibitory effects are limited to the 
asexual stages (ZHANG et al 1996, V´AZQUEZ and V´AZQUEZ 1990) and may considerably 
underestimate the true in vivo efficacy of drugs like Tol, whereas for ionophores in vitro 
evaluation of strain sensitivity appears to be a realistic perspective. 
RIA may not only be used to assess in vitro efficacy of ionophores particularly but can also be 
applied to screen for new drugs and natural products like allicin as reported in Publication 3. It 
has been found earlier that allicin has antibacterial (RABINKOV et al. 1998), antiviral (SONG 
et al. 1997), and supposedly also anticoccidial properties (POURALI et al. 2014). Incubating 
E. tenella sporozoites for 1 h with 1.8 mg/ml or 180 ng/ml allicin resulted in sporozoite invasion 
inhibition of more than 99.0% and 71.5%, respectively. ELKHTAM et al. (2014) investigated 
the effect of garlic powder on mixed Eimeria spp. in chickens and found that garlic 
supplementation lowered oocyst excretion (OI) and the degree of intestinal lesions (LS) in 
infected groups compared to a control group. Anticoccidial activity of allicin may be attributed 
to its antioxidant features, which might be lethal to sporozoites by inducing oxidative stress and 
neutralizing oxygen species (ALLEN et al. 1998). Thus RIA appeared suitable for drug 
screening to enhance the portfolio of compounds potentially effective against coccidia. 
4.2 Validation of E. tenella in vitro assays as a replacement for in vivo 
anticoccidial tests (Publication 2) 
In light of the data gained from in vitro ASA on two reference strains (Houghton, Ref-1 and 
Wisconsin, Ref-2) and either sensitive (T-376), intermediate (FS-1) or resistant (FS-2 and FS-
3) field strains, it can be concluded that: (i) for polyether ionophores, MIC95 to calculate %IRIA 
is more appropriate to determine sensitivity than MIC50/95. (ii) It is not possible to determine 
%IRIA for Tol as demonstrated for the Wisconsin strain (Ref-2), and consequently RIA appears 
unsuitable for triazinones. To validate these conclusions a standardized in vivo ASA based on 
evaluation of global resistance index (GI) was performed. The in vivo data were correlated with 
in vitro data to evaluate suitability of the newly established in vitro ASA. For this purpose, a 
consistent dose (7.5 × 104 sporulated oocysts) of each E. tenella strain (Houghton, Wisconsin, 
FS-1, FS-2, and FS-3) was inoculated into chickens. The uniform dose was chosen to mimic in 
vitro conditions where infection dose is also not adapted to reproduction rate or virulence 
features of strains. In the in vivo ASA, GI of reference strains (Ref-1and Ref-2) reflected their 
virulence, and significant weight decrease in INC (positive controls) was observed. Infection 
with Ref-1 and Ref-2 resulted in 25.0% and 58.3% mortality and a lesion score (LS) of 2.1 and 
2.8 in the INC, respectively. Anticoccidial treatment exhibited generally very good or good 
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efficacy in the reference strains. Infection with field strains (FS-1 and FS-2) induced an 
appreciable decrease in weight gain (WGNNC) and final weight (Wf) in the INC group despite 
the lack of statistical significance. Lesion score (LS) was <1.8 and oocyst index (OI) reached > 
4.5 in INC except for FS-2 (OI = 3.1). FS-1 was partially resistant to Mad (GI = 69.7%), and 
FS-3 was partially resistant to Mon (GI = 65.6%), Mad (GI = 69.5%) and Las (GI = 67.9%). 
RIA at MIC95 for polyether ionophores was compatible with in vivo results. In general, in vitro 
parasite gene copy numbers correlated significantly with OI (r = 0.290-0.507; p < 0.05).  
Moreover, gene copy numbers also correlated with LS (Ref-1, Ref-2, and FS-1) and WGNNC 
(Ref-1 and FS-1). Variability in correlation of RIA with LS and WGNNC was probably due to 
the low virulence of the field strains tested and may be more obvious at higher in vivo infection 
doses. It should also be considered that in vitro assays describe drug activity on the parasite 
under strictly controlled and rather artificial conditions whereas environmental (e.g. 
temperature), biological (e.g. mixed infection), and physiological (e.g. race and age) factors 
may influence treatment efficacy in infected animals, particularly under field conditions. 
Nevertheless, it appears that at least for ionophores acceptably coherent data can be obtained 
both with experimental in vitro and in vitro concepts. 
Due to the low virulence of the available field strains, GI values did not clearly differ from a 
statistical point of view between INC and treated groups and thus significant correlation of data 
obtained from in vitro and in vivo ASA was not demonstrable. On the other hand, GIadj appeared 
suitable to differentiate treated groups and NNC (negative controls) for reference and field 
strains and was used to identify presence or lack of sensitivity to anticoccidials. The finding 
that GIadj of Tol-treated groups were distinctly higher in the sensitive reference strains than in 
the field strains might indicate reduced sensitivity of the field strains. However, further studies 
are needed to evaluate this aspect.  
Reference strains exposed to polyether ionophores at MIC95 displayed %IRIA values of more 
than 95%, and all field strains exhibiting low GIadj values for polyether ionophores had lower 
in vitro sensitivity to the respective ionophore with %IRIA pointing at reduced to limited (FS-1) 
or limited to low (FS-2 and FS-3) efficacy of anticoccidials. RIA based on MIC95 appears to be 
a promising in vitro tool to reliably determine clinically and economically relevant resistance 
against ionophore drugs. It can moreover be considered highly valuable to reduce animal 
experimentation for screening of new drug candidates. 
4.3 Proteomic comparison of resistance mechanisms in T. gondii and E. tenella 
against Mon (Appendix I, Publication 4) 
Understanding resistance against polyether ionophores in Apicomplexa on the proteomic level 
was a major goal of this thesis. The similarities in polyether ionophore mode of action may 
explain cross-resistance against ionophore drugs (MATTIELLO et al. 2000). To overcome the 
problem of genetic and phenotypic variation among E. tenella strains, a reference model of 
resistance against Mon was developed using T. gondii. T. gondii and E. tenella share potential 
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drug targets and thus Mon-resistant T. gondii are considered suitable for an exemplary 
investigation into E. tenella resistance to Mon, a widely applied ionophore. This model can 
provide insights into putative general mechanisms of resistance in apicomplexan parasites 
(DOLIWA et al. 2013a, RICKETTS and PFEFFERKORN 1993). 
MIC50 of Mon was estimated to be 0.5 ng/ml for the parental T. gondii RH strain (Sen-RH), 
inducing a replication inhibition of 68.8%. Induction of selective Mon-resistance was 
successful and Mon resistant RH mutant (MonR-RH) was able to grow in the presence of even 
2.0 ng/ml Mon which was not the case for the parental strain. Quantitative proteomic analysis 
of Sen-RH and MonR-RH was performed using SILAC labelling, which is a powerful technique 
to compare protein abundances in complex samples using non-radioactive isotopic labelling 
(ODA et al. 1999). nanoUPLC-MS/MS allows quantitative comparison between different 
samples and also enables the separation, detection, and identification of proteins of particular 
molecular masses with high sensitivity (ARPINO 1992). 
In contrast to tachyzoites of T. gondii, E. tenella is strictly host-specific and represents the 
causative agent of caecal coccidiosis in chickens. Though merozoites can be produced easily in 
vitro, continous propagation of E. tenella is difficult to achieve and attempts to establish the 
whole life cycle in vitro had only limited success. Thus in vivo passage in experimentally 
infected chickens is still considered the only available method to harvest large quantities of 
oocysts (TIERNEY and MULCAHY 2003). Because of that, SILAC labelling (Appendix I) is 
not possible for E. tenella. Alternatively, chemical TMT labelling was performed on different 
E. tenella strains to compare their proteomic profiles. Relative quantification after isobaric 
TMT labelling was chosen because it allows comparison of multiple samples (CHAHROUR et 
al. 2015). Genetic, parasitological, and pathological variations were detected among the E. 
tenella strains used in this study (CHAPMAN and SHIRLEY 2003, see Publication 2). First, 
the degree of sensitivity to Mon was analyzed for E. tenella laboratory (Ref-1 and Ref-2) and 
field (FS-R and FS-mSen) strains in vitro. Ref-1 and Ref-2 were sensitive towards all tested 
polyether ionophores, including Mon (0.25 µg/ml), with > 95% of inhibition. Using the same 
concentration of Mon, FS-mSen exhibited moderate sensitivity and sporozoite development to 
mature meronts was inhibited by 92.7% whereas FS-R displayed resistance with a mean 
inhibition rate of only 65.1% (Publication 2). 
Despite the low efficacy of TMT labelling of E. tenella strains under the given experimental 
conditions, similarities in general resistance-associated proteins (i.e. actin and microneme 
proteins) could be found in comparison with the T. gondii resistance model (Fig. 11).  
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Fig. 11  Regulation of actin and microneme proteins in resistant strains compared with their corresponding 
sensitive strains. (left) Actin: upregulation (FC > 0.5)  was significant for T. gondii (MonR-RH) and 
E. tenella (FS-R) in comparison with sensitive strains (Sen-RH and Ref-1/2, respectively) (p < 0.01). 
(right) microneme: MIC8 was downregulated (FC < -0.5) in T. gondii MonR-RH in comparison with 
Sen-RH (p < 0.01), MIC4 was downregulated in E. tenella FS-R in compaison with Ref-1 (p < 0.001) 
and Ref-2 (p = 0.051). 
Actin was one of the proteins upregulated in T. gondii MonR-RH as well as in resistant E. 
tenella FS-R. It has an important role in the invasion of host cells and it is located beneath the 
parasitic cell membrane in clusters (DOBROWOLSKI et al. 1997). It also participates actively 
in irreversible calcium-induced conoid extrusion during ionophore treatment (MONDRAGÓN 
and FRIXIONE 1996, DEL CARMEN et al. 2009). Thus, the observed increase of actin in 
resistant mutants may be linked to higher resistance to ionophore-induced, calcium-mediated 
structural dysfunction. Microneme proteins (MIC) play a major role in host cell recognition, 
binding, and motility (HÅKANSSON et al. 2001).  MIC8 and MIC4 were downregulated in T. 
gondii MonR-RH (MIC8) and E. tenella FS-R (MIC4), respectively. This finding is in 
consistency with the downregulation of MIC2 in a resistant mutant of T. gondii strain ME-49 
(type II strain) in comparison with sensitive strains (DOLIWA et al. 2013b). Decrease of 
microneme proteins in resistant strains may explain their lower invasion activity.  
In vitro addition of Mon to T. gondii tachyzoites increases intracellular concentrations of Na+ 
(primary effect) and Ca++ (secondary effect). Egress from the host cell is induced as a reaction 
of intracellular tachyzoites to evade the lethal effects of intracellular cationic increase 
(CALDAS et al. 2007). Reduction in expression of proteins related to invasion and egress by 
MonR-RH indicates the ability of this strain to tolerate higher concentrations of Mon and 
consequently MonR-RH will tolerate higher intracellular Ca++ concentrations before egress is 
stimulated.  
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5 Conclusion 
The use of in vivo “gold standard” assays as a routine diagnostic tool for periodic screening of 
anticoccidial efficacy in the field is not a realistic option in many cases because of labour and 
time as well as a large number of experimental chickens that are needed. Availability of a 
suitable in vitro anticoccidial assay would be favourable and real-time PCR (qPCR) as a read-
out tool for parasite replication is advantageous because of its high reproducibility and 
accuracy. 
Applying the proposed in vitro reproduction inhibition assay (RIA) allowed differentiation of 
ionophore sensitive and non-sensitive E. tenella strains and this assay showed acceptable 
strength of correlation with in vivo results. RIA is thus a suitable screening test to be applied as 
a diagnostic tool for determining efficacy of ionophores. Basically it appears possibly to expand 
RIA to other anticoccidial families; however, to evaluate products that (mainly) act on gamonts 
it would be a prerequisite to establish the whole life cycle in vitro, which is a difficult task. As 
long as this has not been achieved animal experimentation will remain the only reliable option 
to assess efficacy of such drugs. 
On the other hand, RIA was applied successfully to assess in vitro efficacy of a natural product 
and may generally be useful in screening for anticoccidial compounds, despite the limitations 
mentioned above. RIA was also used in preliminary studies to evaluate vaccine candidates 
(unpublished data), in which the most appropriate dose of electron beam irradiation to be 
applied in E. tenella oocysts was studied in vitro.  Applying 100 and 500 gray of electron beam 
irradiation on E. tenella oocysts resulted in %IRIA of 72% and 85%, respectively. In vivo 
evaluation of irradiated oocysts as possible vaccine candidates currently planned. 
Basically, RIA may also work for other Eimeria species, but the lack of pure sensitive reference 
strains of species other than E. tenella is a pitfall that cannot be easily overcome, and differences 
of in vitro cultivation conditions may also hamper transferability of the current experiences to 
other species. In the field mixed infections is rather the rule than the exception.To establish a 
diagnostic in vitro ASA it would be in fact important to develop RIA for other major eimerian 
pathogens, like E. acervulina, E. brunetti or E. maxima.  
Development of resistance by Apicomplexa against polyether ionophores is known to be a slow 
and complex process. Many proteins seem to play roles in the phenotypic establishment of 
resistance against polyether ionophores. However, availability of defined resistance model 
toward single member of anticoccidials is mandatory to provide a comprehensive conclusion 
toward the mechanisms of resistance. Using T. gondii RH strain for in vitro induction of 
resistance against Mon (MonR-RH) was successfully performed.  
Applying LC-MS/MS for proteomic evaluation of resistance has the advantage that a wide 
panel of proteins in complex biological systems can be analysed in one run. Ability of T. gondii 
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to continuously grow in vitro is a prerequisite for SILAC labelling. SILAC is straight-forward, 
accurate, reproducible, and preferable to other proteomic labelling methods. Implementation of 
SILAC on Mon-resistant T. gondii succeeded to determine major variations between Sen-RH 
and MonR-RH in proteins that play roles during asexual development (invasion, 
parasitophorous vacuole (PV) formation, replication, and egress). These variations in proteomic 
profile were attributed to resistance against Mon. Reduction in invasion (↑actin, ↓MIC8, ↓CPL) 
and egress (↓PLIP1), in addition to delayed rupture of PV were found in MonR-RH. It is 
concluded that resistance is related to higher ability to tolerate Mon by increasing the threshold 
of Ca++ needed to trigger these processes. Besides that, intracellular replication of MonR-RH 
was increased (↑actin, ↑beta-tubulin cofactor D, and ↑GTPases proteins) which could be 
interpretated as a compensatory process to provide enough surrogates for a significant 
proportion of killed parasites which does not occur in the parental strain. 
Understanding relationships between regulated proteins in the T. gondii resistance model could 
illustrate mechanisms behind variations in asexual phases that lead to resistance against Mon. 
Determining these relationships requires protein-protein interaction (PPI) studies.  
Unfortunately, attempts to study PPI in MonR-RH proteomic profile using biological databases 
(i.e. DAVID, ToxoDB) did not succeeded due to lack of listed proteins. In spite of that, a semi-
manual analysis of enriched proteins revealed that GTP binding and small GTPase mediated 
signal transduction proteins play a major role in regulating other proteins via increasing 
vesicular transport activity. The presented findings may stimulate further studies to reveal a 
detailed scenario of the mechanisms of resistance. 
Comparative proteomics for E. tenella reference and field strains by TMT labelling detected 
lower numbers of proteins than expected. Optimization of the experimental conditions appears 
necessary to produce more convincing data to understand sensitivity variation against polyether 
ionophores and to allow correlating with data obtained from the T. gondii SILAC study. Despite 
that, similarities in regulated proteins between both apicomplexan parasites were detected. 
Reduced invasion ability of E. tenella FS-R (resistant strain) in comparison with sensitive 
strains (Ref-1 and Ref-2) could be a sequel of actin upregulation and MIC4 downregulation.  
Interestingly, pathology induced by reistant field strains of E. tenella was lower compared with 
reference strains which was reflected by a lower LS of 1.8 and higher GI of 72.1% in 
comparison with sensitive reference strains (LS > 2.1, GI < 28%). This is in accordance with 
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In summary, it is concluded: 
1. In vitro anticoccidial sensitivity assays are possible for polyether ionophores whereas 
other drug families may require alternative strategies. 
2. For species other than Eimeria tenella alternative approaches may be necessary. 
3. Toxoplasma gondii appears a suitable laboratory model to study mechanisms of 
anticoccidial resistance.  
4. Tachyzoites of Toxoplasma gondii are a convenient tool but allow evaluation of the 
asexual multiplication only. For drugs acting on gamonts alternative tools are necessary. 
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Introduction: Eimeria tenella is an intracellular parasite and the causative agent of caecal 
coccidiosis in chickens. Because of the widespread use of anticoccidials, resistance has been 
well documented. Mechanisms of resistance are complex and poorly understood. In vivo 
anticoccidial sensitivity assays (ASA) are considered the gold standard test to proof presence 
of resistance. However, these assays are difficult to perform due to time, cost and ethical 
aspects.   
Objectives: Development and validation of a suitable in vitro E. tenella ASA for assessment 
of the efficacy of anticoccidials was established. Furthermore, proteomic studies to investigate 
resistance-associated mechanisms in coccidia against anticoccidials were performed. 
Animals, Materials and Methods: An in vitro ASA for E. tenella was developed using Madin-
Darby bovine kidney cells (MDBK) as host cell culture. Quantitative PCR (qPCR) was used to 
calculate percent of inhibition (%ISIA, %IRIA) in sporozoite invasion inhibition assay (SIA) and 
reproduction inhibition assay (RIA), respectively. Minimum inhibitory concentrations (MIC) 
of polyether ionophores (monensin (Mon), salinomycin (Sal), maduramicin (Mad), lasalocid 
(Las)) and the triazine toltrazuril (Tol) were determined using E. tenella Houghton reference 
strain (Ref-1). SIA and RIA were further applied on Wisconsin reference (Ref-2) and field (T-
376, FS-1, FS-2, and FS-3) strains. 1.0 × 105 (SIA) and 5.0 × 104 (RIA) sporozoites/well were 
used. All in vitro experiments were performed in quadruplicate. Obtained sensitivity data were 
validated by performing in vivo global resistance index (GI) ASA.  A total of 420 chickens (1 
day of age (doa), Cobb-500) were used to perform in vivo ASA. Various E. tenella strains were 
tested separately. In each in vivo experiment, 84 chickens were separated at 12 doa to 7 groups 
(n = 12). At 14 doa, each chicken was orally infected with 7.5 × 104 sporulated oocyst. RIA was 
also used to test the anticoccidial efficacy of the natural product allicin on sporozoites of Ref-
1. Human foreskin fibroblasts (HFF) were used for in vitro passage of T. gondii tachyzoites 
(RH strain) in presence of sub-minimum inhibitory concentrations of Mon for more than 8 
months to produce a Mon-resistant strain. Quantitative proteomic studies were performed to 
compare sensitive and resistant strains of T. gondii and E. tenella using nanoUPLC-MS/MS. 
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Parental Mon-sensitive T. gondii (Sen-RH) and Mon-resistant (MonR-RH) RH strains were 
labelled with stable isotope labelled amino acids in cell culture (SILAC). In addition, sensitive 
and resistant E. tenella strains were labelled with isobaric chemical tandem mass tags (TMT).  
Results: In Ref-1, MIC95 were 0.25, 0.5, 1.0, 0.5, and 5.0 µg/ml for Mon, Sal, Mad, Las, and 
Tol, respectively. Comparing in vitro assays with in vivo GI-based assay on a variety of strains 
(Ref-2, FS-1, FS-2, and FS-3) suggested suitability of MIC95-based RIA to diagnose polyether 
ionophore resistance based on the strain-specific in vitro sensitivity levels. However, in vitro 
assay did not provide reliable sensitivity data for Tol. In almost all strains, in vitro gene copy 
numbers correlated significantly with in vivo oocyst index (OI, r = 0.290-0.507; p < 0.05).  In 
vivo lesion score (LS, r = 0.279-0.345; p < 0.05, for Ref-1, Ref-2, and FS-1) and weight gain 
(WGNNC, r = 0.284-0.419; p < 0.05, for Ref-1 and FS-1). Incubating Ref-1 sporozoites for 1 h 
with allicin at a concentration of 1.8 mg/ml resulted in %IRIA of 99.0% which indicates a 
potential anticoccidial activity of allicin. In T. gondii SILAC experiment, overall 1,820 proteins 
were identified of which 1,024 proteins were quantified in more than four biological replicates. 
52 proteins were found significantly (p < 0.05) differently expressed between Sen-RH and 
MonR-RH strains. Actin, beta-tubulin cofactor D, perofrin-like protein 1 (PLP1), and small 
GTPase mediated signal transduction proteins were upregulated in T. gondii MonR-RH 
compared with Sen-RH strain (p < 0.05). For E. tenella, TMT identified 97 proteins and 25 
proteins were quantified in all three biological replicates. Actin was also significantly 
upregulated in E. tenella FS-R (Mon-resistant strain) in comparison with reference strains (Ref-
1, Ref-2; p < 0.05). Microneme proteins-8 and -4 (MIC8 and MIC4) were downregulated in 
resistant MonR-RH and FS-R strains in comparison to their corresponding sensitive strains, 
respectively.  
Conclusion: For polyether ionophores, %IRIA and gene copy numbers of MIC95 exhibited 
acceptable strength of correlation with in vivo ASA. Although %IRIA allows only limited 
conclusions on the actual extent of in vivo resistance, it can be considered valuable to replace 
animal experiments for screening purpose. Attempts to test in vitro sensitivity to Tol were not 
successful due to variable %IRIA among sensitive reference strains. Comparative proteomic 
analysis in T. gondii MonR-RH and Sen-RH strains revealed that parasite invasion (↑ Actin, ↓ 
MIC8) and egress (↓ PLP1) were reduced, while replication (↑ Actin, ↑ beta-Tubulin cofactor 
D, and ↑ GTPases proteins) was increased. Mon resulted in increasing intracellular Na+, as a 
consequence, followed by elevation of Ca++ concentration. Reduction in expression of proteins 
related to invasion and egress by MonR-RH indicates ability of this strain to tolerate higher 
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Einleitung: Eimeria tenella ist ein obligat intrazellulärer Parasit und Erreger der 
Blinddarmkokzidiose beim Huhn. Aufgrund des verbreiteten Einsatzes von Antikokzidia sind 
seit langem Resistenzentwicklungen bekannt. Die zugrundeliegenden Mechanismen sind 
komplex und nicht genau bekannt. Für den Nachweis von Resistenz gilt der Tierversuch als 
„Goldstandard“, er ist aber aufwändig, zeitraubend und ethisch problematisch.  
Ziele der Arbeit: Es sollte ein für die Erstellung von Sensitivitätsprofilen und 
Wirksamkeitsprüfungen geeignetes In-vitro-Modell für E. tenella entwickelt und validiert 
werden. Weiterhin sollte auf mit Antikokzidiaresistenz assoziierte Änderungen im Proteom von 
Kokzidien untersucht werden.  
Tiere, Material, und Methoden: Monolayer von MDBK (Madin-Darby bovine kidney cells) 
dienten zur Kultivierung von E. tenella für den in vitro ASA (anticoccidial sensitivity assay). 
Als Parameter wurden die Inhibition (%ISIA, %IRIA) der Invasion durch Sporozoiten (SIA = 
sporozoite invasion inhibition assay) und der Erregerreproduktion (RIA = reproduction 
inhibition assay) mittels quantitativer PCR (qPCR) für E. tenella beurteilt. Die minimale 
Hemmkonzentration (MIC = minimal inhibitory concentration) wurde anhand einer Referenz 
(sensitiver Laborstamm Houghton, Ref-1) für Monensin (Mon), Salinomycin (Sal), 
Maduramicin (Mad), Lasalocid (Las) und Toltrazuril (Tol) bestimmt. Auf dieser Basis wurden 
ein zweiter Laborstamm (Wisconsin, Ref-2) und vier Feldstämme (T-376, FS-1, FS-2 und FS-
3) im SIA und RIA getestet. 1.0 × 105 (SIA) und 5.0 × 104 (RIA) Sporozoiten/Well wurden 
verwendet. Die in vitro Ergebnisse wurden mit den in vivo Daten verglichen. Alle in vitro 
Versuche wurden in vier Replikaten durchgeführt. Insgesamt wurden 420 Hühner (1. 
Lebenstag: LT, Cobb-500) in fünf Tierversuche verwendet, um die Empfindlichkeit der E. 
tenella-Stämme gegen verschiedene Antikokzidia zu untersuchen. In jedem Tierversuch 
wurden 84 Tiere (12. LT) in 7 Gruppe (n = 12) eingeteilt. Hühner wurden mit 7,5 × 104 
Oozysten je Tier am 14. LT infiziert. Die Wirksamkeitsprüfung für den alternativen Naturstoff 
Allicin erfolgte mittels RIA am Stamm Ref-1. Kontinuierlich in vitro als Tachyzoiten 
kultivierte T. gondii des RH-Stammes (Sen-RH) wurden unter ansteigenden Mon-Dosen in 
HFF-Zellen (human foreskin fibroblasts)  über 8 Monate auf Resistenz (MonR-RH) selektiert. 
Es erfolgte eine stabile Isotopenmarkierung (SILAC). Für E. tenella wurden die sensitiven 
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Referenzstämme ebenso wie die Feldstämme variabler Sensitivität isoabarisch-chemisch 
markiert (Tandem-Massenmarkierung, TMT). Die quantitativen Proteomanalysen erfolgten mit 
dem nanoUPLC-MS/MS. 
 Ergebnisse: Für Ref-1 betrugen die MIC95 (MIC für eine 95%ige Inhibition) 0,25 (Mon), 0,5 
(Sal), 1,0 (Mad), 0,5 (Las) und 5,0 (Tol) µg/ml. Die in vitro Sensitivitätsprofile für Ref-2, FS-
1, FS-2, und FS-3 stimmten für die Ionophoren mit den Ergebnissen des Tierversuchs gut 
überein, für Tol war das aber nicht der Fall.  Signifikante Korrelationen wurden für die %IRIA-
Werte mit dem Oozystenindex (OI, r = 0,290-0,507; p < 0,05), dem lesion score (LS, r = 0,279-
0,345; p < 0.05, für Ref-1, Ref-2 und FS-1) und der Gewichtszunahme im Tierversuch (WGNNC, 
r = 0.284-0.419; p < 0.05, für Ref-1 und FS-1) festgestellt. Allicin in einer Konzentration von 
1,8 mg/ml ergab einen %IRIA von 99,0%, was einer guten Wirkung entspricht. Mittels SILAC 
wurden 1820 Proteine identifiziert, von denen 1024 Proteine in mehr als vier biologischen 
Replikaten quantifizierbar waren. Bei 52 Proteinen wurden signifikante Unterschiede zwischen 
Sen-RH und MonR-RH festgestellt (p < 0,05). Actin, beta-Tubulin cofactor D, Perforin-like 
Protein 1 (PLP1), und kleine GTPase-vermittelte Signaltransduktionsproteine (GTPases) 
wurden in T. gondii MonR-RH  hochreguliert (p < 0,05). Insgesamt waren 42 Proteine bei der 
resistenten Mutante MonR-RH hochreguliert. Für E. tenella wurden 97 Proteine identifiziert 
und 25 Proteine wurden in allen drei biologischen Replikaten quantifiziert. Mon-resistente E. 
tenella zeigten signifikant hochreguliertes Actin (p < 0,05). Mikronemenproteine wurden in 
resistenten Toxoplasma (MIC8) und Eimeria (MIC4) herunter reguliert. 
Schlussfolgerungen: Das entwickelte In-vitro-Verfahren in Kombination mit der qPCR eignet 
sich zur Bewertung der Sensitivität von E. tenella gegenüber ionophoren Antikokzidia und 
erbringt Ergebnisse, die mit dem Tierversuch korrelieren. Das Modell kann Tierversuche zum 
Screening von Wirkstoffen reduzieren, aber nicht vollständig ersetzen, vor allem, wenn die 
Wirkung (auch) späte Entwicklungsstadien im Zyklus von E. tenella betrifft. Letzteres könnte 
die mangelnde Aussagekraft für Tol erklären. In T. gondii lässt sich Resistenz in vitro 
induzieren. Die Proteom-Analyse zeigte eine Verminderung der Invasion (↑ Actin, ↓ MIC8) 
und des Austritts (↓ PLP1), und eine Aktivierung der Replikation (↑ Actin, ↑ beta-Tubulin 
cofactor D, und ↑ GTPases proteine). Mon führt zu einer Erhöhung des intrazellulären Na+ 
gefolgt von einer Erhöhung der Ca++ Konzentrationen. Die Reduzierung der Expression von 
Proteinen in MonR-RH, die mit Invasion- und Austrittsaktivitäten zusammenhängen, zeigt an, 
dass dieser Stamm höhere Konzentrationen von Mon verträgt, indem er die ktitische Schwelle 
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Summary 
Monensin (Mon) is a polyether ionophore that is widely used as an anticoccidial agent to control 
coccidiosis. The extensive use of polyether ionophores in poultry farms resulted in widespread 
resistance, but the underlying mechanisms of resistance are in detail unknown. For analysing 
the mode of action by which resistance against polyether ionophores is obtained we induced in 
vitro Mon-resistance in Toxoplasma gondii-RH strain (MonR-RH) and compared it with the 
sensitive parental strain (Sen-RH). The proteome assessment of MonR-RH and Sen-RH T. 
gondii strains was obtained after isotopic labelling using stable isotope labelling by amino acid 
in cell culture (SILAC). Relative proteomic quantification between resistant and sensitive 
strains was performed using LC-MS/MS. Overall, 1024 proteins were quantified and 52 
proteins of them were regulated. The bioinformatic analysis revealed regulation of cytoskeletal 
and transmembrane proteins being involved in transport mechanisms, metal ion-binding, and 
invasion. During invasion, actin and microneme protein 8 (MIC8) are seem to be important for 
conoid extrusion and forming moving junction with host cells, respectively. Actin was 
significantly upregulated, while MIC8 was downregulated which indicate an invasion reduction 
in the resistant strain. Resistance against Mon is not a simple process but it involves reduced 
invasion and egress activity of T. gondii tachyzoites while intracellular replication is enhanced. 
 




Polyether ionophores are a class of anticoccidial and antimicrobial agents that have the ability 
to bind cationic metal ions, i.e. sodium and facilitate its transport across cellular membranes 
presumably by modifying cellular membrane permeability (Kevin et al., 2009). Monensin 
(Mon), a sodium polyether ionophore, is considered the most frequently used polyether 
ionophore to control coccidiosis (Chapman et al., 2010) and is highly effective against cysts of 
Toxoplasma gondii (Couzinet et al., 2000).  
Development of resistance against polyether ionophores has been documented in all compounds 
with market authorization (Stephan et al., 1997; Peek and Landman, 2003). Mechanisms of 
resistance were studied in E. tenella against polyether ionophores using cDNA array (Chen et 
al., 2008). It was found that genes involved in cytoskeletal rearrangments and energy 
metabolism were upregulated in monensin-resistant compared with its parental sensitive strain. 
On the other hand, genes related to invasion were downregulated in maduramicin-resistant 
strains.  
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T. gondii is a worldwide-distributed apicomplexan parasite that is capable to infect many warm-
blooded animals including man as intermediate or erroneous host whereas felines are the only 
definite hosts (Dubey et al., 2011; McFarland et al., 2016). T. gondii shares certain biological 
features including their sensitivity toward Mon with other apicomplexan members. Asexual 
stage of type I T. gondii RH strain (tachyzoites) can be grown continuously in cell culture and 
do not form cysts (Mavin et al., 2004). Continuous in vitro culture is, therefore, easy to 
maintain, reliable, and can provide a tremendous amount of tachyzoites. HFF cells promote 
effective and rapid tachyzoite replication (Wu et al., 2009). Therefore, induction of in vitro 
resistance in T. gondii tachyzoites against Mon could be used as an approach for better 
understanding the mechanisms of resistance development in apicomplexan parasites (Ricketts 
and Pfefferkorn, 1993). 
Mass spectrometry-based quantitative proteomics can provide insights into protein expression 
of biological systems at certain conditions by identification and relative quantification of 
thousands of proteins. Hence, it has been shown to be a valuable tool to improve our 
understanding of biological processes including mechanisms of drug resistance (Ong and 
Mann, 2005). Stable isotope labelling by amino acid in cell culture (SILAC) has been applied 
extensively for relative quantification in studying complex biological systems. SILAC was 
applied successfully in T. gondii to study mechanisms of vital biological processes such as 
invasion and egress (Heaslip et al., 2010; Treeck et al., 2014). The ability of T. gondii 
tachyzoites to continuously grow in cell cultures enables the efficient differential labelling of 
strains using heavy and light amino acids. After mixing of heavy and light labelled samples the 
analysis of digested peptides mixtures using liquid chromatography-mass spectrometry/mass 
spectrometry (LC-MS/MS) provides a robust and accurate detection of strain-specific 
differences in proteomic profiles of labelled parasites. 
In this study, we induced resistance in T. gondii RH strain against Mon. Proteins that directly 
interfere with mechanisms of Mon resistance were searched through comparative quantification 
of Mon-resistant and -sensitive strains using SILAC labelling.  
Materials and Methods 
Induction of resistance in T. gondii (RH strain) against Mon 
Parasite and cell culture conditions 
A mutant, Mon-resistant RH strain of T. gondii (MonR-RH) was generated in vitro from a Mon-
sensitive parental RH strain (Sen-RH) as described before (Ricketts and Pfefferkorn, 1993). 
Low-passage human foreskin fibroblast cells (HFF, ATCC®SCRC-1041) were grown in tissue-
culture dishes in Dulbecco’s modified Eagle's medium (DMEM, with high glucose and L-
glutamine, supplemented with 10% newborn calf serum; Gibco, Germany) at 37 °C and 5% 
CO2 to obtain semi-confluent monolayers. During T. gondii tachyzoite infection, 2% newborn 
calf serum was used and antibiotics were added (penicillin, 100 U/ml; streptomycin, 100 µg/ml; 
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and amphotericin-B, 0.25 µg/ml; GE Healthcare, Germany). Tachyzoites were obtained from 
destroyed HFF cells after 148 h post infection (p.i.), the attached parasites were detached using 
a 25-gauge needle and used to re-infect fresh HFF cells. DMEM was changed every 72 h during 
the experiment.  
Dose determination of Mon 
Tachyzoites of parental Sen-RH were incubated with various concentrations of Mon to estimate 
the initial concentration to be used. Minimum inhibitory concentration (MIC50) was stated as 
the lowest concentration of Mon that will inhibit tachyzoite replication by at least 50% 
compared to infected non-treated controls. To determine MIC50 for RH strain tachyzoites, 
DMEM was supplemented with Mon at various concentrations ranging from 0.25 to 32.0 ng/ml. 
The dose-response curve between log (Mon concentrations; µg/ml) and % of inhibition in Sen-
RH replication was plotted to estimate MIC50 of Mon on Sen-RH. HFF cells were grown in 24-
well tissue culture plates and after reaching more than 80% confluence, 2.5 × 104 tachyzoites 
were added and the cultures were further incubated for 72 h at 37 ºC. Trypsin-versene (Lonza, 
Thermo Scientific, Germany) was added to infected HFF cells containing intracellular 
tachyzoites. DMEM containing extracellular tachyzoites and harvested infected HFF cells were 
centrifuged (2,778 ×g, 10 min) and the pellet was reconstituted in 200 µl PBS. For DNA 
extraction, QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany) was used according to the 
manufacturer’s instructions (blood and body fluid spin protocol). Each assay was performed in 
quadruplicate.  
Real-time quantitative PCR (qPCR, TaqMan) based on the 529-bp repeat element specific for 
T. gondii was used to determine the number of tachyzoites in each replicate of the cell cultures 
as described before (Edvinsson et al., 2006). Standard curve for quantification and calculation 
of amplification’s efficacy was conducted by diluting DNA from known tachyzoites number of 
T. gondii RH strain serially (starting DNA concentration: 5 × 106 tachyzoites / 5 µl). No-
template controls (NTC) and no-amplification control (NAC) were included. The mean value 
for three replicates with an acceptable standard deviation of less than 0.5 was calculated. 
Resistance induction 
To produce MonR-RH, 1.0 × 106 tachyzoites of the sensitive parent strain were continuously 
grown HFF monolayers in Mon-containing media starting with the pre-determined 
concentration of 0.5 ng/ml. Harvesting and splitting of newly produced tachyzoites was 
performed as described before. Mon concentration was increased by 0.1 ng/ml after a robust 
growing of tachyzoites was noticed by their ability to damage most of HFF cells after 148 h. 
Moreover, ability of tachyzoites to grow in presence of the increased Mon concentration was 
assessed using qPCR to assure their ability to replicate after 148 h p.i. Aliquots of newly 
produced RH tachyzoites were stored in liquid nitrogen every five successful passages. 
Cultivation in presence of Mon was continued for more than 8 months. Comparison between 
Sen-RH and MonR-RH was performed by cultivating 2.5 × 104 tachyzoites of each strain in 
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HFF cells for 96 h at 37 ºC.  DNA extraction and qPCR conditions were done as described 
above. Comparing MonR-RH and Sen-RH to produce tachyzoites in absence or presence of 
different concentrations of Mon (0.5-5 ng/ml) was performed by comparing growth rates and 
calculating percent (%) of replication of both strains (Fig 1A). 
% of replication =
no. of tachyzoites in Mon − treated replicates




HFF cells were split twice sequentially in a ratio 1:4 after reaching 80% confluence in presence 
of no tachyzoites to assure that heavy stable isotopes of essential amino acids have been 
introduced to all newly synthesized proteins and the complete cellular proteome was 
incorporated with these isotopes. Sen-RH and MonR-RH were labelled as previously described 
(Heaslip et al., 2010). Briefly, HFF cells were grown either in heavy (146 mg/l 13C6; 
15N2 L-
lysine-2HCl, 84 mg/l 13C6; 
15N4 L-arginine-HCl; 40 mg/l unlabeled L-proline) or light (146 
mg/l unlabeled L-lysine-2HCl; 84 mg/l unlabeled L-arginine-HCl: 40 mg/l unlabeled L-proline) 
media in presence of dialyzed fetal calf serum (FCS) (v/v) (ThermoScientific, Rockford, USA). 
Mon (1.5 ng/ml) was added continuously to either light or heavy labelled media of MonR-RH 
but not to Sen-RH. Both Sen-RH and MonR-RH were grown under reversed conditions with 
either light or heavy labelled media to eliminate false positive results and to confirm that 
differences in protein ratios are due to variation in sensitivity against Mon. To assure 
incorporation of more than 95% of heavy labelled amino acids by the parasite, complete lytic 
cycles were repeated twice by infecting the previously labelled HFF cells with 5 × 104 
tachyzoites. Infected HFF cells were further incubated at 37 ºC until the majority of cells were 
damaged after 148 h p.i. due to asexual replication of tachyzoites. Low infectious doses during 
passage were used to enable complete incorporation of labelled amino acids.  MonR-RH was 
grown in presence of Mon (1.5 ng/ml) (Treeck et al., 2014). Three biological replicates were 
used for labelling as illustrated in Fig. 1B. 
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Fig. 1: Experimental flowchart: (A) induction of resistance against Mon in T. gondii RH strain, (B) SILAC 
labelling for comparison between Sen-RH and MonR-RH T. gondii strains. 
 
Harvesting and lysis 
When more than 80% of HFF cells appeared obviously damaged by tachyzoite replication, 
viable tachyzoites were harvested, sheared using a 25-gauge needle, and passed through filter 
paper (MN 640m, Carl Roth GmbH, Germany). Tachyzoites were counted using a 
hemocytometer and their number was standardized in all replicates to 8 × 107 
tachyzoites/replicate. All replicates were washed twice with ice-cold PBS (1 ×). Cell lysate was 
prepared by resuspending cell pellets in 300 µl lysis buffer (6M urea, 2M thiourea, 100 mM 
ammonium bicarbonate, and 10mM DTT) and incubated at room temperature for 5 min. 
Protease inhibitor cocktail (Complete Mini, EDTA-free, Roche, Germany) was added to the 
lysis buffer. Cell debris and non-dissolved material were removed by centrifugation (16,000 × 
g, 18 ºC, 10 min). Protein concentration was determined for each sample by Pierce 660 nm 
assay (Thermo Fisher Scientific, USA) using bovine serum albumin as standard (Sigma-
Aldrich, Germany). 12.5 µg of each heavy-labelled replicate was mixed with an equal amount 
of its corresponding light-labelled replicate. 
1D-SDS-PAGE 
Protein precipitation of each biological replicate was performed with pre-chilled acetone (-20 
ºC) overnight, followed by centrifugation (16,000 × g, 18 ºC, 10 min), and concentration (30 
ºC, 5 min) using concentrator plus (Eppendorf, Germany). Total protein was separated using 
12% SDS-PAGE as described before (Brunelle and Green, 2014) and stained with Coomassie 
blue for one minute. Each gel line was cut in four gel pieces and slices of each part were 
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In-gel digestion 
In-gel reduction, alkylation, and destaining of proteins were performed as previously described 
(Georgieva et al., 2008). In-gel digestion was performed by adding trypsin from bovine 
pancreas (1:50 per slice, i.e. 100 ng per 5 µg protein, Roche, Germany) and incubated overnight 
at 37 °C. Digestion was stopped by adding formic acid (final concentration 1% (v/v)). Peptides 
were eluted with 50% (v/v) acetonitrile containing 0.1% (v/v) formic acid. Eluates were 
combined with the supernatant and dried by vacuum centrifugation. Samples were reconstituted 
with 0.1% (v/v) formic acid for LC-MS/MS analysis. 
nanoUPLC-MS/MS analysis 
The measurements were performed as described earlier (Schmidt et al., 2016). 
In brief, for labelled samples 5 µl of each peptide solution were injected into the Dionex 
UltiMate 3000 RSLCnano system (ThermoScientific). The peptides were flushed with 2% 
ACN, 0.05% trifluoroacetic acid (TFA, v/v) on an Acclaim PepMap 100 column (75µm × 2 
cm, C18, Thermo Scientific) for 3 min. Peptide separation was conducted by reversed phase 
LC on an Acclaim PepMap 100 column (75 µm, 25 cm, C18, ThermoScientific) by use of 
solvents A (0.1% FA (v/v)) and B (80% ACN (v/v), 0.08% FA (v/v)). The 90 min gradient was 
set as follows: constant 4% B for 3 min, increase to 30% B for 45 min, increase to 55% B for 
12 min. Thereafter the column was flushed with up to 99% B for 10 min and equilibrated to 4% 
B for 20 min. The separated peptides were ionized by a chip-based electrospray device 
(TriVersa NanoMate ion source, Advion, Ithaca, NY, USA) at a voltage of 1.7 kV. MS full-
scans were conducted using Q Exactive HF (ThermoScientific) at R = 60,000 setting the AGC 
target to 5 × 106 and the maximum injection time to 150 ms. The ten most abundant ions 
exceeding a threshold of 2.5 × 104 were selected for fragmentation by Higher-energy C-trap 
Dissociation (HCD) at a normalized collision energy (NCE) of 28. MS/MS scans were 
conducted at R = 15,000 setting the AGC target to 2 × 105 and the maximal injection time to 
80 ms. The dynamic exclusion for MS/MS-scans was set to 30 s. MS/MS peak lists were 
generated by Xcalibur software (version 3.0, ThermoScientific). 
Peptide and protein identification and quantification 
MS/MS-data analysis was conducted using the Proteome Discoverer software (version 2.1, 
ThermoScientific) as described elsewhere (Schmidt et al., 2016). The acquired data were 
searched against the corresponding databases of T. gondii (all proteins in Uniprot 
knowledgebase, 67,674 sequence entries, 16th August 2016) in target and decoy mode using the 
integrated Sequest HT search algorithm. The following search parameters were used: mass 
tolerance for precursor ions was set to 10 ppm and for fragment ion to 0.5 Da, respectively; two 
missed cleavages were allowed setting trypsin in specific mode; carbamidomethylation of 
cysteine was set as static modification, whereas oxidation of methionine and deamidation of 
asparagine and glutamine were set as dynamic modifications. The false discovery rate (FDR) 
Appendices  Appendix I 
83 
for peptide spectrum matches (PSMs) and peptide identifications were set to 0.01. Identified 
proteins needed to contain at least one unique peptide and the FDR was set to 0.05. For 
quantification, the default method ‘SILAC 2plex (Arg10, Lys8)’ was used. If not stated 
otherwise the default parameters of the software were used. 
Data analysis 
For MIC50 determination of Mon required to inhibit T. gondii (RH strain), dose-response curve 
was plotted using nonlinear regression fitted with least squares method. For comparison 
between Sen-RH and MonR-RH in growth rates and % of, Kolmogorov-Smirnov test of the 
data did not confirm normal distribution of data. Therefore, Kruskal-Wallis and Mann-
Whitney-U tests were used evaluate the data. GraphPad Prism® 5.0 (Version 5.01, GraphPad 
Software, Inc., USA) was used to generate the dose-response curve and SPSS statistic 22® 
(IBM, New York, 2014) was used for statistical comparison between Sen-RH and MonR-RH.  
All abundance ratios gained from proteomic experiment were log2-transformed and median 
normalized to zero. To be considered as significantly regulated a protein needed to be quantified 
in at least 5 of 6 replicates with a mean log2-fold change > 0.5 or < -0.5 and a p value < 0.05 
(Student’s t-test, two-tailed, unpaired). 
Protein classifications are based on terms retrieved from the Proteome Discoverer software-
integrated ProteinCenter Annotations workflow node. The protein enrichment analysis was 
performed using R (R Development Core Team, 2011) and the enricher function of the package 
clusterProfiler (PMID: 22455463). Therefore the Gene ontology (GO) IDs of all identified 
proteins were retrieved from the Uniprot Knowledgebase. Enriched GO IDs within the group 
of regulated proteins were searched against the background of all identified proteins. 
Results 
Induction of Mon-resistance in RH strain 
The ability of Sen-RH tachyzoites to replicate under exposure to Mon at concentrations ≥ 2 
ng/ml was significantly reduced with > 98.0% percent inhibition, whereas 0.25 ng/ml and 0.5 
ng/ml of Mon resulted in 11.9% and 68.8% inhibition after 72 h, respectively (Fig. 2A). The 
dose-response curve estimated 0.4 ng/ml Mon as MIC50 (Fig. 2B). However, concentration of 
0.5 ng/ml Mon supplemented medium was determined for selective induction of resistance by 
continuous passaging of Sen-RH tachyzoites. Based on daily observations of intracellular 
tachyzoite development by light microscopy the Mon dose was gradually increased. 
Additionally, qPCR assays were used before increasing Mon concentration to confirm 
microscopic evaluation of tachyzoite replication as described earlier (Edvinsson et al., 2006). 
After 8 months of passaging under Mon exposure, a resistant strain (MonR-RH) that can grow 
in continuous presence of higher Mon-concentrations (2.0 ng/ml) was obtained.  
 







Fig. 2: In vitro MIC50 estimation of Sen-RH T. gondii tachyzoites. (A) Percent (%) of 
inhibition after 72 h incubation in HFF cells with different concentrations of Mon 
(0.25-32 ng/ml), * gene copy numbers were significantly lower in Mon treated 
groups (> 0.5 ng/ml) compared with infected, non-treated control (p < 0.05). (B) The 
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Despite ability of MonR-RH to grow in presence of Mon, daily microscopic observation 
revealed that its ability to destroy HFF cells completely was delayed (148 h) in comparison 
with Sen-RH (96 h p.i.) using 1.0 × 106 tachyzoites as initial infectious dose. Because of that, 
comparison between both strains in growth rate and % of inhibition was performed 96 h p.i. 
instead of 72 h p.i. in MIC determination of Sen-RH. Growth rate of Sen-RH was significantly 
(p < 0.05) higher compared with MonR-RH in non-treated controls, while there was no 
significant difference in presence of 0.5, 1.0, and 2.0 ng/ml Mon. MonR-RH grew significantly 






Fig. 3: Comparison of in vitro growth rate (gene copy numbers) between Sen-RH and MonR-RH tachyzoites 
in absence (positive control; PC) or presence of different Mon concentrations (ng/ml) after 96 h 
incubation in HFF cells. * Growth rate was significantly higher in PC of Sen-RH compared with 
presence of Mon. † Growth rate was significantly higher in PC of MonR-RH compared with presence 
of Mon at concentrations > 2.0 ng/ml.  ● Growth rate was significantly higher in Sen-RH compared 
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There was no significant difference in % of replication between Sen-RH and MonR-RH in 
presence of 0.5 ng/ml Mon. However, MonR-RH could grow in the presence of 2.0 ng/ml Mon 
with a replication rate of 20.3% after 96 h of cultivation in comparison to 9.0% for the parental 
Sen-RH strain, while its replication rate was 91.4% in the presence of 1.0 ng/ml Mon. 
Replication rate of MonR-RH compared with Sen-RH was significantly (p < 0.05) higher in 





Fig. 4: Comparison of in vitro % of replication between Sen-RH and MonR-RH tachyzoites in presence of 
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Proteomic comparison of T. gondii strains (Sen-RH and MonR-RH) using SILAC 
Both T. gondii Sen-RH and MonR-RH tachyzoites were successfully grown and passaged in 
presence or absence of labelled amino acids. Overall, 1,820 proteins were identified by at least 
one unique peptide (Supplementary Table S1) in at least one biological replicate. Among the 
total identified proteins, 1,024 proteins were relatively quantified in more than four biological 
replicates (e.g. actin; Fig. 5) and 52 proteins were found in significantly different quantities 
between Sen-RH and MonR-RH (fold change (FC) < -0.5 or > 0.5 (t-test significance value p 
< 0.05). Regulated proteins in MonR-RH compared to Sen-RH were either upregulated (42 
proteins) or downregulated (10 proteins) (Fig. 6A, Table 1). All regulated proteins were 
classified based on either their cellular component or molecular function. The majority of these 
proteins either play a role in metabolism, protein synthesis (catalytic activity), or were 
uncharacterized proteins (Fig. 6B). However, a protein enrichment analysis revealed proteins 
being involved in GTP binding (GO:0005525) and small GTPase mediated signal transduction 
(GO:0007264) as significantly enriched among the group of regulated proteins (p < 0.01, 
Supplementary Table S2). All proteins assigned to these terms were significantly upregulated, 
including the coatomer gamma subunit, Rab6 and the GTPase RAB7, both known for their 
vesicular transporter activity. All identified proteins were cross-checked for entries in the 
ToxoDB and the corresponding IDs were included to Supplementary Table S1. However, only 
41 out of all 1024 identified proteins could be assigned to proteins from the ToxoDB. Since the 
initial protein identification process was based on the usage of all T. gondii protein entries from 
the Uniprot knowledgebase a missing assignment in the ToxoDB could also be due to an 
insufficient ID mapping. The upload of the dataset to the ToxoDB is planned. 
 
Table 1:  Total number of proteins identified and quantified in MonR-RH and Sen-RH T. gondii strains (regulated 
proteins were quantified in at least 5 of 6 replicates). 
 MonR-RH vs. Sen-RH strains 
Total proteins identified (FDR < 0.05) 1820 
Quantified proteins  1024 
Regulated proteins 52 (5.1%) 
Upregulated proteins 42 (4.1%) 










Fig. 5:  An illustrative example of protein quantification using SILAC: actin protein was significantly (p < 
0.05) upregulated in Mon-resistant strain of T. gondii (MonR-RH) compared with sensitive parental 
strains (Sen-RH): the lower-mass peak clusters (○) are from light labelled arg/lys peptides of Sen-

















Fig. 6:  Relatively quantified proteins between MonR-RH and Sen-RH. (A) Volcano plot of all quantified 
proteins. The dotted lines indicate threshold set for regulation: FC < -0.5 or > 0.5 and the t-test 
significance value (p < 0.05). (B) Red bars indicate higher expression of MonR-RH in comparison 
with Sen-RH, whereas blue bars indicate lower expression. 
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Actin and beta-tubulin cofactor D are known to play a role in cellular transport of T. gondii 
tachyzoites during invasion process (Takemae et al., 2013). Both, actin and the putative beta-
tubulin cofactor D were significantly (p < 0.01) upregulated in MonR-RH. Sixteen proteins 
were annotated as membrane proteins and most of them were upregulated in MonR-RH. 
Microneme membrane protein 8 (MIC8), which is a coccidian surface protein related to the 
respective apical organelle that plays a role in host cell invasion (Cérède et al., 2005), was 
downregulated. Cathepsin CPL (protein synthesis) and a putative transmembrane protein were 
also downregulated in MonR-RH. Putative metalloproteinase TNL4 and MIC8 proteins were 
functionally classified as metal ion binding proteins and both were downregulated. Perforin-
like protein (PLP1) is a cell surface protein which is found in the apical area and was 
downregulated in MonR-RH (Table 2). 
 
Table 2.  Functional classification of regulated proteins between MonR-RH and Sen-RH of T. 
gondii. 
 
Accession No. Protein description 
Log2 fold 







Upwnregulated proteins (arranged based on t-test p-value) 
S8EUX3 Uncharacterized protein  2.53 0.56 3.46E-06   
A0A086PTS5 SAG-related sequence 
SRS35B  
0.94 0.22 4.93E-06   
A0A086M999 Elongation factor Tu  1.39 0.42 2.37E-05  RNA binding; cell cycle; 
catalytic activity; 
nucleotide binding 
B9QA65 Putative vacuolar protein 
sorting-associated protein 
vps4  
1.18 0.36 2.72E-05  RNA binding; cell cycle; 
catalytic activity; 
nucleotide binding 
A0A086PM49 Ulp1 protease family, C-
terminal catalytic domain-
containing protein  
0.93 0.32 6.89E-05  catalytic activity 
A0A086K649 Putative beta-tubulin 
cofactor D  
1.27 0.43 1.12E-04  protein binding; enzyme 
regulator activity 
A0A086KQ45 Uncharacterized protein  0.92 0.34 1.30E-04   
A0A086JG41 SAG-related sequence 
SRS17B  
0.56 0.22 2.29E-04 Membrane  
A0A086Q8V2 Ribosomal-ubiquitin 
protein RPL40  





0.51 0.21 2.33E-04  metal ion binding; 
catalytic activity 
A0A086KYU9 Putative rhoptry protein 0.91 0.35 2.89E-04 Membrane  
A0A086M6B0 Putative translation 
initiation factor IF-2  
1.03 0.46 5.09E-04  RNA binding; cell cycle 
S7VNC9 Actin protein 1.01 0.46 5.99E-04  nucleotide binding; 
cellular transport 
S8FZ63 Coatomer gamma subunit  0.87 0.4 7.06E-04 Membrane transporter activity 
A0A086LQ23 Uncharacterized protein 1.13 0.53 7.30E-04   
S7UKA0 SAG-related sequence 
SRS13 1 
4.48 1.99 7.38E-04 Membrane  
A0A086JI47 Enoyl-CoA 
hydratase/isomerase 
family protein  
0.55 0.26 8.91E-04  catalytic activity 
A0A086QHG3 Putative calmodulin  0.73 0.35 8.96E-04   
A0A125YJX4 SAG-related sequence 
SRS16B  
2.3 1.13 1.03E-03 Membrane  
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A0A0F7V0E9 26S protease regulatory 
subunit 6b/putative 
0.58 0.29 1.22E-03 Cytoplasm RNA binding; cell 
cycle;catalytic activity; 
nucleotide binding 
A0A086QHJ5 GTPase RAB7  0.6 0.31 1.56E-03 Membrane transporter activity: 
nucleotide binding 
A0A086LVM4 Putative ATP-dependent 
RNA helicase DDX1  
0.87 0.49 2.48E-03  protein binding; 
nucleotide binding 
S7WA24 S1 RNA binding domain-
containing protein  
0.71 0.39 2.52E-03 Membrane  
A0A086J913 Putative small GTPase 
Rab2  
0.59 0.34 2.88E-03 Membrane nucleotide binding; 
cellular transport; cellular 
communication 
A0A086JFP3 Uncharacterized protein 0.59 0.34 4.03E-03   
A0A086JJ89 Putative eukaryotic 
peptide chain release 
factor  
0.56 0.34 5.67E-03 Cytoplasm RNA binding; cell cycle 
A0A086JV56 Putative small GTP 
binding protein rab1a  
0.55 0.35 5.81E-03 Membrane nucleotide binding; 
cellular transport; cellular 
communication 
A0A086JYQ2 Putative dense granule 
protein GRA12  
0.65 0.41 6.43E-03   




0.88 0.56 6.81E-03   
A0A086K0T3 Putative transmembrane 
protein  
0.77 0.49 6.89E-03 Membrane  
A0A151H1H8 SAG-related sequence 
SRS19D  
1.39 0.9 7.93E-03   
I7CBG7 Rhoptry kinase family 
protein  
0.55 0.37 8.02E-03  nucleotide binding; 
cellular transport; 
catalytic activity 
A0A125YQA8 Rhoptry protein ROP18  0.5 0.35 8.96E-03  nucleotide binding; 
cellular transport; 
catalytic activity 
A0A086QZR3 Rab6 protein 0.6 0.44 1.55E-02 Membrane transporter activity; 
nucleotide binding 
A0A125YSM0 Histone H3  0.78 0.63 2.03E-02 chromosome
/nucleus 
protein binding; DNA 
binding 
A0A086L9J8 Uncharacterized protein  0.53 0.44 2.13E-02   
A0A151H0P7 Ras family protein  0.71 0.58 2.45E-02   
A0A086JC72 SAG-related sequence 
protein SRS22E  
0.53 0.45 2.49E-02 Membrane  
A0A0F7UWG8 CAM kinase, CDPK 
family  
0.79 0.68 2.81E-02  metal ion binding; 
catalytic activity; 
nucleotide binding 
A0A086KIF9 Mitogen-activated protein 
kinase  
0.71 0.67 4.31E-02  nucleotide binding; 
cellular transport; signal 
transducer activity 
A0A086PWP8 Putative transmembrane 
protein  
0.62 0.59 4.50E-02 Membrane  
A0A086JCV3 RuvB-like helicase  0.62 0.62 4.79E-02 Nucleus nucleotide binding; 
cellular transport; 
catalytic activity 
Downregulated proteins (arranged based on t-test p-value) 
A0A086LBS4 Putative prefoldin subunit 
6  
-0.51 0.19 1.85E-04   protein binding 




A0A086JQA0 Uncharacterized protein  -0.55 0.29 1.94E-03   
A0A125YJZ7 Microneme protein MIC8  -0.54 0.34 4.86E-03 membrane/a
pical 
organelle 
metal ion binding; protein 
binding 
A0A086JQN8 Cathepsin CPL  -0.65 0.46 9.75E-03 membrane catalytic activity 
A0A086MAR0 Putative transmembrane 
protein  
-4.08 2.83 1.08E-02 membrane  
F1DI03 Putative metalloproteinase 
TLN4  
-0.63 0.48 1.56E-02  metal ion binding 
S7UXD1 3-hydroxyisobutyrate 
dehydrogenase  
-2.94 2.57 2.81E-02  nucleotide binding; 
cellular transport; 
catalytic activity 
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A0A0F7V2K0 RNA binding 
protein/putative  
-0.51 0.44 3.17E-02  nucleotide binding; 
cellular transport; cell 
cycle 
A0A086JCQ9 SRP72 RNA-binding 
domain-containing protein  
-0.66 0.61 3.55E-02   transporter activity; 




In T. gondii, resistance against various anticoccidials in the RH strain was induced by 
continuous in vitro growth in the presence of sub-lethal concentrations of these drugs (Ricketts 
and Pfefferkorn, 1993). Because of similar drug targets in apicomplexan parasites can be 
assumed, selection of Mon resistance in T. gondii can provide insights into putative general 
mechanisms of resistance that also apply to E. tenella. Furthermore, induction of in vitro 
resistance against Mon in T. gondii RH strain tachyzoites allows controlled conditions and 
reduces variation. We used this as a selective reference model for polyether ionophores 
resistance in apicomplexan parasites.  
We firstly established an in vitro model to induce Mon resistance in T. gondii (RH strain). After 
several passages, resistant MonR-RH tolerated Mon at a concentration of 2 ng/ml whereas the 
estimated MIC50 for the parental strain (Sen-RH) was 0.4 ng/ml. However, lytic cycle was 
reduced in MonR-RH manifested by increased time needed to complete lysis HFF cells (148 h 
p.i.) and detected by lower gene copy numbers in presence of no Mon (96 h p.i.) in comparison 
with Sen-RH.  
Previously, SILAC was applied successfully in T. gondii and amino acid incorporation was 
confirmed to be more than 95% after 4 lytic cycles (i.e. 24 h) (Treeck et al., 2014). In our study, 
to assure maximal labelling with heavy amino acids, Sen-RH and MonR-RH were passaged 
sequentially twice in previously labelled HFF cells (i.e. each time for 148 h).  
It is known that egress of merozoites from the host cell is triggered by elevated cytosolic 
calcium levels in apicomplexan organisms after ionophore treatment (Caldas et al., 2007) which 
could be a major antiparasitic effect of ionophores. The anticoccidial modes of action and 
resistance mechanisms were extensively studied; nevertheless, relevant gaps in knowledge still 
exist. Monensin and maduramicin drug-resistant lines of E. tenella were compared with their 
sensitive parental lines using cDNA arrays and suggested that mechanisms of resistance might 
be very complex (Chen et al., 2008).  
Resistance against Mon was previously generated in T. gondii mutant as a result of selective 
destruction of mitochondrial MutS DNA damage repair enzyme (TgMSH-1). Despite the 
decreased sensitivity toward Mon in TgMSH-1, retard invasion ability in comparison with 
parental strain has been detected (Garrison and Arrizabalaga, 2009). Furthermore, a disruption 
in cell cycle of T. gondii was considered an important mediator of sensitivity toward polyether 
ionophores (Lavine and Arrizabalaga, 2011). MutS domain-containing protein (S7UY47) was 
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identified in the presented study but not quantified (2 out of 6 replicates). Relative protein 
abundances were lower in MonR-RH compared with Sen-RH in both replicates (data not 
shown) which is in accordance with previous described role of MSH in resistance to polyether 
ionophores. 
Several proteins that were significantly up- or downregulated were identified in MonR-RH. 
Among several classes of proteins (Table 2) the small GTPase mediated signal transduction 
could be identified as specifically and significantly enriched among the regulated proteins. 
Moreover, several mechanistic pathways were altered in the resistant compared to the parental 
RH strain. The regulated proteins could be grouped into proteins with major involvement in 
different events during the parasitic life cycle. 
Interestingly, the results of T. gondii SILAC analysis indicate changes in the parasite activity 
related to invasion, egress, forming of the parasitophorous vacuole, and replication. It seems 
that invasion and egress are reduced while intracellular replication is enhanced in the MonR-
RH strain compared to the Sen-RH parental strain. A Summary of the suggested aspects of 
resistance in MonR-RH strain is illustrated in Fig. 7. 
 
Fig. 7:  A schematic summary of resistance mechanisms in MonR-RH T. gondii strain against Mon (red 
marks indicates decrease while green marks increase of respective life cycle phase). 
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Actin, a conserved microfilament protein, was upregulated in MonR-RH compared with Sen-
RH. Actin plays an important role in host cell invasion by conoid extrusion (Del Carmen et al., 
2009) and in replication. It is found beneath the parasitic cell membrane in clusters 
(Dobrowolski et al., 1997), mainly localized at the apical end of T. gondii tachyzoites (Song et 
al., 2004). It could be shown that actin participates actively in irreversible calcium-induced 
conoid extrusion during ionophore treatment (Del Carmen et al., 2009; Mondragón and 
Frixione, 1996). Thus, the observed increase in actin in resistant strains may be linked to higher 
resistance to calcium-mediated structural dysfunction, induced primarily by the Na+-ionophore 
Mon. 
Apicomplexan invasion mechanisms basically rely on secretion of microneme, rhoptry and 
dense granule proteins (Tardieux and Baum, 2016). Observed invasion-associated changes in 
resistant MonR-RH include a significant reduction in microneme protein MIC8. MIC8 is 
described as essential factor during invasion by forming a tight interaction (moving junction) 
between contents of micronemes and the host cell (Kessler et al., 2008). In T. gondii, MIC8 is 
mainly found in tachyzoites and serves as transporter (escorter protein) for MIC2-associated 
protein (Rabenau et al., 2001). MIC8 was firstly considered as an escorter for soluble adhesion 
MIC3 (Meissner et al., 2002) but then Kessler et al. (2008) demonstrated that MIC8 and MIC3 
are part of the same complex and escorter function might be redundant. MIC3 (A0A086LPW4; 
Supplementary Table S1) was slightly decreased in MonR-RH compared with Sen-RH, 
however, this reduction was not significant. Downregulation in MIC2 was also detected in a 
sulfadiazine- resistant T. gondii strain (ME49) which corresponds with our results (Doliwa et 
al., 2013). In addition, cathepsin L-like cysteine protease (TgCPL) expression was reduced. 
TgCPL is considered as an important protein for invasion and replication due to its role in 
maturation of MIC, protein degradation i.e. in the parasitophorous vacuole (PV), and in 
endolysosomes (Dou and Carruthers, 2011; Liu et al., 2014). Decrease of both proteins (MIC8 
and TgCPL) in resistant strains under Mon exposure can be interpreted as a correlate for lower 
invasion activity. 
However, several proteins that are linked to intracellular PV structure and parasite replication 
were upregulated. GRA12 localizes in the PV and seems to be involved in the formation of the 
membranous nanotubular network (MNN). The MNN is supposed to allow a higher exchange 
rate between host cell and parasites inside the PV thus triggering parasite development, and 
affecting the structural organization of daughter cells within the PV (Travier et al., 2008). An 
increase of GRA12 expression is assumed to be related to a stronger or faster genesis of the 
MNN. GRA12 is expressed mainly by tachyzoites and sporozoites and to a lesser extent by 
dormant bradyzoites (Mercier and Cesbron-Delauw, 2015) and reflects high intracellular 
parasite replication in MonR-RH infected cells. The assumption of an activated parasite 
replication is supported by the observed upregulation of the cytosolic and vesicular parasite 
proteins actin and calmodulin (co-localized, supporting i.e. the transport of dense granules; 
Heaslip et al., 2016), beta-tubulin cofactor D (crucial for the assembly of functional beta-
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tubulin; Fedyanina et al., 2009), and coatomer gamma-subunit (supporting general vesicle 
coating including presence in the apical complex; Smith et al., 2007). Interestingly, this 
coincides with the increase of GTPases (Rabx, Ras) which are essential for intracellular vesicle 
transport and regulation of the cytoskeleton (Field et al., 1999) substantiating the assumption 
of functional alterations and structural upregulation – i.e. higher intracellular replication – in 
the Mon-resistant parasite population. Moreover, significant enrichment of GTP binding and 
GTPase mediated signal transduction proteins support their role in enhancing replication. In 
Plasmodium berghei, it has been found that the ionophores nigericin and monensin, as well as 
NH4Cl, can increase cytosolic Ca
++ (Luo et al., 1999). These reviews suggest a possible 
mechanism of reducing cytosolic Ca++ through activation of different membrane trafficking 
proteins such as actin, coatomer, and RAB proteins. 
ROP18 is known as a virulence factor mediating the parasite evasion from host cell immune 
response of interferon-inducible p47-GTPase (Khaminets et al., 2010). The observed ROP18 
increase corresponds to a higher resistance of MonR-RH to adverse effects i.e. by the host cell. 
While several changes regarding replication were elucidated which indicate parasite activation, 
some hints to stage conversion could also be noticed. Several helicases including the DEAD 
box helicase were uniformly upregulated. Previously, it was shown that upregulation of DEAD 
box helicase occurs generally during cellular stress and translational arrest by assembling of the 
cytoplasmic RNA stress granules which might seems plausible in MonR-RH under Mon 
exposure (Cherry and Ananvoranich, 2014). The mitogen-activated protein kinase (TgMAPK-
1) has been found to be stress-activated (Brumlik et al., 2004), but also to accumulate during 
stage conversion into bradyzoites. 
 We observed significant upregulation of several SAG-related sequences (SRS) partly known 
to be expressed by bradyzoites (Wasmuth et al., 2012; Pittman et al., 2014), i.e. SRS16B and 
SRS13 which showed the highest increase. This indicates a higher production of dormant 
stages. This thesis is corroborated by low expression of the perforin-like protein PLP1 which 
was shown to be essentially involved in PV rupture, parasite egress, and host cell lysis (Borges-
Pereira et al., 2015; Roiko and Carruthers, 2013). Additionally, the aforementioned decrease in 
TgCPL expression supports this hypothesis because it suggests reduced host cell protein 
digestion in endolysosomes of resistant protozoa. This is indicative for a higher proportion of 
dormant and metabolic less active stages, and could represent beginning conversion of a 
subpopulation into bradyzoites. 
The definitive factors that define relationship between intracellular replication and conversion 
to dormant bradyzoites are still unclear. However, Dzierszinski et al. (2004) stated that 
increased intracellular replication might be favoured in early dormant stages.  Moreover, factors 
control the dynamic of differentiation from active to dormant stages in T. gondii are rather a 
continuum of possibilities than different mechanisms (Hu et al., 2002).  
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To summarize the findings in T. gondii experiments, we observed a slower host cell lysis by 
the parasite in MonR-RH compared to the parental Sen-RH. This finding can be linked with the 
proteomic characterization of both strains. In connection with Mon resistance, MonR-RH 
developed a lower invasion and egress activity which might indicate an increase in the triggered 
threshold of Ca++ concentration needed to induce egress. The replication activity and integrity 
of PV seem to be increased in MonR-RH which might be a compensation process to provide 
enough surrogates for a significant proportion of killed parasites which does not occur in the 
parental strain. Normally, egress is triggered by Mon (Caldas et al., 2007). Obviously, the 
resistant strain developed a mechanism to counterbalance this process by (partial) inactivation 
of replicated parasites. Invasion and egress are selectively reduced while a triggered replication 
resulting in a consistently higher number of intracellular stages. This allows for parasite 
multiplication and invasion of host cells on a lower but sufficient level under Mon exposure. A 
validation of our suggested model of resistance against Mon is needed on selected regulated 
proteins (e.g. MIC8) to proof their contribution in resistance toward Mon. Moreover, further 
characterization of MonR-RH in comparison with Sen-RH will enable determining whether 
these proteomic changes are a consequence of the pre-described role of TgMSH-1 or different 
type of resistance.  
Conclusion 
Induction of resistance against Mon resulted in lower growth rates in MonR-RH compared with 
parental Sen-RH.  By SILAC based MS/MS analyses, several differences between Mon-
resistant and non-resistant strains could be demonstrated. Higher availability of actin and 
downregulation of microneme proteins (MIC8) were found which might indicate their major 
role in establishing resistance towards Mon. It is concluded that resistance is not a simple 
process but is expressed by reduced invasion and egress activity while intracellular replication 
is enhanced. In T. gondii, there are multiple hints for resistance-associated metabolic changes 
indicating an increase of dormant stages (bradyzoites). The suggested model of resistance 
mechanisms in T. gondii against Mon need to be validated independently on regulated proteins 
participated in this resistance to proof solidity of the proteomic outcomes. 
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II. Supplemental material 
1. S1 Table (Supplementary data file): 
Description: The accompanying Excel spreadsheet shows the 97 proteins that 
were identified in various E. tenella strains by at least one unique peptide after 
labelling with TMT (Publication 4).  
File name: S1_table.xls 
2. S2 Table (Supplementary data file): 
Description: The accompanying Excel spreadsheet shows the detailed description 
of the 1,820 proteins that have been identified by at least one unique peptide in 
both T. gondii Sen-RH and MonR-RH tachyzoites after labelling with SILAC as 
previously described in (Appendix I). 
File name: S2_table.xls 
 
3. S3 Table (Supplementary data file): 
Description: The accompanying Excel spreadsheet describes protein enrichment 
analysis in T. gondii SILAC experiment (Appendix I). It revealed proteins being 
involved in GTP binding (GO:0005525) and small GTPase mediated signal 
transduction (GO:0007264) as significantly enriched among the group of regulated 
proteins (p < 0.01).  
File name: S3_table.xls 
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